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ABSTRACT 
 
 Current quantum dot surface modification strategies rely heavily on ligand 
exchange that removes the nanocrystal’s native ligands originated from its synthesis. This 
can cause etching and introduce surface defects, affecting the nanocrystal’s optical 
properties. In addition, common ligand exchange method fails to control the degree of 
functionalization or the number of functional groups introduced per nanocrystal.  
We describe our work on surface modification of semiconductor nanocrystal 
quantum dots investigating a new approach that not only bypasses ligand exchange and 
introduces native active ligands with original optical properties, but also is able to control 
the degree of surface loading, called “valence”, in semiconductor nanocrystal quantum 
dots. We show that surface doped quantum dots capped with chemically-active native 
ligands can be prepared directly from a mixture of ligands with similar chain lengths. 
Initial ratio between chemically active and inactive ligands is retained on the nanocrystal 
surface, allowing to control the extent of surface modification. 
The extent of surface coverage by a particular functional group will have a large 
impact on a nanocrystal affinity and permeability to a variety of biological structures. It 
also affects nanocrystal’s ability to localize, penetrate, and transport across specific 
tissues, cellular and subcellular structures. We show that we are able to control the 
loading of cholestanone per quantum dot nanocrystal. We observed that samples with 
higher steroid loading infuse themselves more with the lipid membrane compare to those 
with no or little steroid.  
 viii  
To further investigate the surface ligand packing, structure and reactivity, we 
apply advanced solution NMR techniques to determine surface ligand organization and 
chemistry. Two-dimension ROESY studies show that ligands with the same chain length 
tend to homogeneously distribute themselves onto the nanocrystal’s surface however 
ligands with the different chain length tend to form islands. Furthermore, we demonstrate 
that surface ligand organization can affect the reactivity of quantum dots. Formation of 
rafts as a result of packing ligands of a same length, increase the local concentration of 
reactive terminal group and facilitate the chemical reactivity at the surface of quantum 
dots. 
We also synthesize multifunctional multidentate polymeric ligand via ADMET. 
Varying the total dienes-to-Ru catalyst ratio allows us to control the extent of ADMET, 
which enables us to achieve an accurate control over polydentate ligand size. We use the 
synthetic polymer as a linkage for constructing gold-QD heterostructure. 
We hope that this study can provide a new avenue to understand the 
organic/inorganic boundary of other and more complex nanoparticle/ligand systems. 
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CHAPTER I 
 INTRODUCTION 
General Introduction 
What are Quantum dots? Quantum dots are tiny particles of a semiconducting material 
that are small enough to exhibit quantum mechanical properties. They usually have 
diameters in the range of 2-10 nanometers. Quantum dots display unique electronic 
properties that are intermediate between those of bulk semiconductors and discrete 
molecules.  
Electronic characteristics of 
a quantum dot are closely related 
to its size and shape. Generally, as 
the size of the crystal decreases, 
the difference in energy between 
valence band and conduction band 
increases. More energy is then 
needed to excite a dot, and 
concurrently, more energy is 
released when the crystal returns to 
its ground state. Since the size of a 
quantum dot can be controlled when it is made, the excitation and emission of quantum 
dots can be highly tunable resulting in a color shift from red to blue in the emitted light. 
 
 
 
 
Figure 1. Quantum dost with gradually stepping 
emission from blue to deep red 
 
2 
Quantum dot fabrication 
Tunable size and unique optical properties make quantum dots appealing 
materials for variety of applications and new technologies. Quantum dots are particularly 
important for optical applications due to their bright color, tunable emission with high 
extinction coefficient, and long lifetime.  Solar cells, transistors, ultrafast all-optical 
switches and logic gates are examples of applications that take advantage of these unique 
properties. The small size of quantum dots and their ability to go into living organs make 
them suitable for bio-medical applications such as medical imaging and biosensors.  
 
 
 
 
 
 
Figure 2. Quantum dots applications 
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Quantum dot synthesis 
 In a typical method, quantum dots are 
synthesized using a three-component system 
including: metal chalcogenide precursor, 
organic ligand or surfactant with an active head 
group to passivate the quantum dot surface upon 
formation, and a high boiling point inert solvent 
just to homogenize the reaction mixture. The 
reaction should be heated to a sufficiently high 
temperature so that the precursors decompose 
into monomers that form quantum dots. The nanocrystal growth starts after a nucleation 
process once the monomers reach supersaturation.   The temperature during the growth 
process must be high enough to allow for rearrangement and annealing of atoms while 
being low enough to promote crystal growth. Precursor concentration also has to be 
precisely controlled during nanocrystal growth. Typical dots are made of binary 
compounds such as cadmium sulfide, cadmium selenide, indium phosphide, and indium 
arsenide. Dots may also be made from ternary compounds such as cadmium selenide 
sulfide.   
Surface chemistry of quantum dots 
Colloidal nanocrystals synthesized by this approach are inorganic/organic hybrid 
materials where the inorganic nanocrystal core is passivated by a monolayer of organic 
ligand (surfactant) layer that was added during their synthesis. Research has long been 
focused on the inorganic core and its size- and shape-dependent optoelectronic properties. 
 
 
Figure 3. Schematic illustration of 
traditional synthesis of quantum 
dots 
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However, detailed and systematic studies addressing the organic/inorganic interface of 
colloidal nanocrystals developed only over the last 5−10 years. These native organic 
ligands typically consist of a functional head group and inert organic tail. The head group 
binds to the nanocrystal surface and play a crucial role in controlling size and shape of 
the particles, while the tail group is responsible for colloidal stability and solubility.1,2  
Ligand Exchange 
The state-of-the-art in nanocrystal surface modification includes “thiol ligand 
exchange”. Thiol ligand exchange consists of replacing the nanocrystal’s native ligands 
with chemically active-terminated thiol ligands, usually added in excess. Thiol end of the 
ligand is attached to the nanocrystal surface and the other end is covalently or non-
covalently attached to a molecule or material of interest via a post ligand exchange 
process. 
 
Several studies have been conducted using thiol-based ligand molecules to modify 
the surface of QDs. However, removing the nanocrystal’s native ligands that originate 
from its synthesis can cause etching, introduce surface defects, and often leads to a 
significant loss in quantum yields and poor stability of the colloids in aqueous solutions. 
 
Figure 4. Typical thiol ligand exchange and post ligand exchange surface 
modification	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3,4 Studies have confirmed that thiols generally quench the Photoluminescence (PL) of 
QDs. 5,6,7 
As a part of our investigation to overcome this problem, we have reported a 
fundamentally new strategy to directly synthesize CdS nanocrystals with native active 
surface ligands that can be introduced during the particles growth and bypasses need of 
routinely implemented ligand exchange.  
Another limitation associated with the common “ligand exchange” process is its 
failure to control the extent of surface modification or number of functional groups per 
nanocrystal, called “valency”. Using the direct synthesis method without ligand 
exchange, we are able to control the relative population of active ligands on the surface 
which is proportional to the relative concentration of corresponding ligand used during 
the nanocrystal synthesis.  
Due to increasing demand for appropriate nanocrystals for the study of biological 
systems and formation of complex, nanocrystal-based superstructures, making 
nanocrystals in which ligands display a variety of desirable properties via capping 
engineering is a challenging topic in colloidal nanocrystal research. Progress in this 
respect is tangentially associated to a better understanding of the surface-ligand and 
ligand-ligand interactions at the nanocrystal-ligand inorganic-organic interface. 
Ligand distribution and packing 
A key element to exploring the role of surface ligands during synthesis of 
nanocrystals or the ligand exchange procedures is to understand the nanocrystal-ligand 
interaction. Among the several methodologies such as infrared spectroscopy, 8 
photoluminescence spectroscopy 9,10and X-ray photoelectron spectroscopy, 11 presented 
6 
to investigate these interactions, solution nuclear magnetic resonance spectroscopy 
(NMR) stands out, where typically 1H, 13C or 31P nuclei are probed. Solution 1H NMR 
has been used for surface analysis of colloidal NC ligands for more than 20 years. A few 
initial studies used diffusion ordered spectroscopy (DOSY) to distinguish free from 
bound ligands and obtain information on the binding of ligands to nanocrystals. 12,13 
Nuclear Overhauser effect spectroscopy (NOESY) enabled nanocrystal-ligand 
interactions to be identified, even with ligands involve in a fast adsorption/ desorption 
equilibrium.14 To date, various research groups tried to study the composition of the 
ligand shell,15,16,17 analyze the binding between ligands and nanocrystals, 18,19,20,21,22,23and 
determine the relative binding strength of different ligands.24,25 However to the best of 
our knowledge, there are only a few reports on NOESY characterization of Janus gold 
nanoparticles, 26,27 NOESY study of mixed Polystyrene/Poly(methyl methacrylate) ligand 
shell distribution,28and morphology determination of gold nanoparticle ligand-shell using 
2D NMR.29 
Quantum dot valency 
Nanoparticles labeled with a discrete and controlled number of conjugated ligands 
are desirable for many purposes. Semiconductor nanoparticles decorated with specific 
numbers of DNA, streptavidin or antibodies, mimicking valence-dictated molecular self-
assembly behaviors, have been successfully used to address a variety of biological 
applications such as implying the position of single proteins within membranes30,31,32 
and/or visualizing the structure of artificially created nano assemblies. 33,34 Thus, one key 
issue for some quantum dot applications is the ability to control the number of bio-
molecules bound to each nanoparticle. By exactly controlling the number of binding sites 
7 
per nanoparticle we can preclude undesirable crosslinking, which can ultimately lead to 
agglomeration. However, tunable nanocrystal surface functionalization and 
programmable nano-assembly still remain a challenge. Most of the investigations on 
controlling the degree of nanocrystal surface functionalization or “valence” had been 
done on DNA-mediated assemblies of gold nanoparticles.35,36,37,38,39 Consequently, the 
resulting assembly’s size and composition was defined and demonstrated by gel 
electrophoresis and TEM techniques.40,41 To the best of our knowledge we are among the 
first research groups that synthesize and investigate controlled steroid-mediated quantum 
dots and study the surface loading effect on affinity of dots toward synthetic lipid 
bilayers.  
Thesis Organization 
This thesis is comprised of a new approach to synthesis and surface modifications 
of semiconductor nanocrystal quantum dots. As the thesis encompasses a diverse range of 
topics, relevant literature is reviewed in the introduction of each chapter to provide an 
adequate understanding of the background and significance of the results. Chapter 2 
contains material that has already been published and introduces the new approach to one 
pot synthesis of CdS dots using a single source precursor and mixture of active 
surfactants. This approach bypasses ligand exchange and introduces controlled number of 
active native ligands onto the quantum dots surfaces. This chapter also investigates 
surface ligand orientation and distribution employing advanced two-dimension NMR 
spectroscopy.  Chapter 3 discusses the inorganic-organic-medium interface in colloidal 
quantum dots and analyses effect of chain length and ligand microstructure on 
distribution and packing of surface ligands. It also reveals the impact of surface ligand 
8 
organization on chemical reactivity of CdS quantum dots. Chapter 4 shows controlled 
surface decoration of highly fluorescent core-shell CdSe/CdS quantum dots with a series 
of synthetic steroid conjugated polyethylene glycol ligands, and investigates affinity of 
such steroid-conjugated quantum dots toward synthetic lipid bilayers. The cholestanone-
modified QDs interaction with a lipid bilayer was studied using a homebuilt prism-based 
total internal reflection fluorescence (TIRF) microscope, performed by Dr. Kyle Marchuk 
at Iowa State University. Chapter 5 shows synthesis of multifunctional multidentate 
copolymer via Acyclic Diene Metathesis (ADMET) with controlled chain length and 
functionality. The synthesized copolymer acts as a linkage to generate nanocrystaline 
hetero-conjugates. Chapter 6 summarizes the contributions of this work and recommends 
further investigations for future work.  
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CHAPTER 2 
SURFACE DOPING QUANTUM DOTS WITH CHEMICALLY-ACTIVE NATIVE 
LIGANDS: CONTROLLING VALANCE WITHOUT LIGAND EXCHANGE 
Reprinted with permission form Chem. Mater. 2012, 24, 4231 
Copyright @ 2012 
American Chemical Society 
Elham Tavasoli, Yijun Guo, Pranaw Kunal, Javier Grajeda, Allison Gerber, Javier Vela 
Abstract 
Colloidal semiconductor nanocrystals have generated great enthusiasm and found 
applications in biological imaging, tracking, lighting, photovoltaics, photocatalysis, 
thermoelectrics, lasing and spintronics. One remaining challenge is learning to control the 
degree of functionalization or “valency” per nanocrystal. Current quantum dot surface 
modification strategies rely heavily on ligand exchange, which consists of replacing the 
nanocrystal’s native ligands with carboxylate- or amine-terminated thiols, usually added in 
excess. Removing the nanocrystal’s native ligands can cause etching and introduce surface 
defects, thus affecting the nanocrystal’s optical properties. More importantly, ligand methods 
fail to control the extent of surface modification or number of functional groups introduced 
per nanocrystal. Here, we report a fundamentally new surface ligand modification or 
“doping” approach aimed at controlling the degree of functionalization or valency per 
nanocrystal while retaining the nanocrystal’s original colloidal and photo-stability. We show 
that surface doped quantum dots capped with chemically-active native ligands can be 
prepared directly from a mixture of ligands with similar chain lengths. Specifically, vinyl and 
azide-terminated carboxylic acid ligands survive the high temperatures needed for 
  
12 
nanocrystal synthesis. The ratio between chemically-active and inactive-terminated ligands is 
maintained on the nanocrystal surface, allowing to control the extent of surface modification 
by straightforward organic reactions. Using a combination of optical and structural 
characterization tools, including IR and 2D NMR, we show that carboxylates bind in a 
bidentate chelate fashion, forming a single monolayer that is perpendicular to the nanocrystal 
surface. Moreover, we show that mixtures of ligands with similar chain lengths 
homogeneously distribute themselves on the nanocrystal surface. We expect this new surface 
doping approach will be widely applicable to other nanocrystal compositions and 
morphologies, as well as to many specific applications in biology and materials science. 
Introduction 
Colloidal semiconductor nanocrystal quantum dots, rods, wires1-4 have found 
applications in biological imaging,5-8 tracking,9-12 lighting,13-14 photovoltaics,15 
photocatalysis,16 thermoelectrics,17 lasing18 and spintronics.19 These highly versatile 
photoactive nanocrystals are well known to benefit from size- and composition-tunable band 
gaps (300-4000 nm; 4.1-0.3 eV),1-2,20 broad and intense absorption (ε ≈ 106 L·mol-1·cm-1),21-
22 long-lived excitons (up to 40 ns for CdSe, 500 ns for CuInS2, and 1.8 µs for PbS),23-24 and 
good colloidal, chemical and photo stability.25-27 One remaining challenge in the field of 
colloidal semiconductor nanocrystals is learning to control the degree of functionalization per 
nanocrystal, also known as nanocrystal loading or “valency”. 
The state-of-the-art in quantum dot surface ligand modification includes thiol ligand 
exchange and the use of biological building blocks. Thiol ligand exchange consists of 
replacing the nanocrystal’s “native” ligands with carboxylate- or amine-terminated thiols, 
usually added in excess (Scheme 1). The carboxylate or amine groups are then modified 
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through amidation or layer-by-layer (LBL) ionic pairing. This procedure is well established 
for soft nanocrystal surfaces with high affinity toward soft “polarizable” thiol ligands.28 Its 
use is widespread for II-VI and IV-VI semiconductors such as zinc, cadmium, and mercury-
chalcogenides. Biological building blocks have been explored extensively as alternatives for 
nanocrystal surface modification. The most often used procedure exploits strong binding 
between streptavidin and biotin.29-30 One end of the streptavidin–biotin pair is attached to the 
nanocrystal surface and the other end is covalently or non-covalently attached to a molecule 
or material of interest. Alternative inorganic modification methods were recently introduced 
to incorporate functionality onto nanocrystal surfaces. Inorganic ligand exchange with 
complex anions such as Sn2S64- produces compact nanocrystals with improved carrier 
mobility or “hopping” across nanocrystal solids.31 These small ligands improve inter-particle 
coupling by removing insulating organic ligands.31-32 
 
 
 
Each one of these known methods has limitations. Thiol ligand exchange does not work 
well for transition metal oxides, nitrides or other “hard” nanocrystal surfaces.28 More 
importantly, ligand exchange removes the nanocrystal’s native ligands, i.e., those that 
originate from its synthesis; this can cause etching and introduce surface defects, affecting 
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the nanocrystal’s optical properties.33 Biological building blocks require milder reaction 
conditions but often involve lengthy multistep syntheses on tiny amounts of expensive 
materials; and their large footprint and thermal instability result in low-surface coverage and 
chemical incompatibility. Critically, the most important limitation of these methods is their 
inability to control the extent of surface modification or number of functional groups 
(valency) introduced per nanocrystal. Here, we report a fundamentally new surface ligand 
modification or “doping” approach aimed at controlling the degree of functionalization or 
valency per nanocrystal while retaining the nanocrystal’s original colloidal and photo-
stability. We also report what changes in ligand organization, surface chemistry and overall 
nanocrystal properties arise as a result of this approach. 
Experimental 
Materials. Decanoic acid (≥98%), 9-decenoic acid (≥90%), n-decyl alcohol (99%), 
potassium ethyl xanthate (96%), and potassium tertiary butoxide (t-BuOK) (95%), 
N,N,Nʹ,Nʺ,Nʺ-pentamethyldiethylenetriamine (PMDETA) (99%), and Grubbs 2nd generation 
Ru metathesis catalyst were purchased from Aldrich. 10-Bromodecanoic acid (95%) was 
purchased from Matrix Scientific, cadmium chloride (anhydrous, 99.995%) from Strem, 9-
decen-1-ol (>90%) from AlfaAesar, phenyl ether (Ph2O) (99%) and 4-(trifluoromethyl) 
styrene (>98%) from Acros, 10-bromodecan1-ol (95%) from ChemSampCo, carbon disulfide 
(CS2) from Fisher, 3-fluorophenylacetylene (98%) from SynQuest, and chloro(1,5-
cyclooctadiene)(pentamethyl-cyclopentadienyl)ruthenium(II) (RuClCp*(COD)2) (98%) from 
Strem. Methanol, chloroform, tetrahydrofuran (THF), and diethyl ether were purchased from 
Fisher and used as received. Chloroform-d (CDCl3), dichloromethane-d2 (CD2Cl2), and 
dimethylsulfoxide-d6 (DMSO-d6) were purchased from Cambridge Isotopes Labs. 10-
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Azidodecanoic acid and 10-azidodecanol were synthesized following reported procedures.34 
1H NMR chemical shifts (δ) are reported in ppm relative to residual protiated solvent in 
CDCl3 (7.26 ppm) or DMSO-d6 (2.50 ppm). Elemental analyses were performed by 
Galbraith Laboratories. 
Synthesis of xanthate precursors. Xanthate precursors were prepared by modified 
literature procedures.35-36 Potassium C10 xanthates. The linear C10 alcohol (5.32 g for n-
decyl alcohol or 5.26 g for 9-decen-1-ol or 6.70 g for 10-azidodecan-1-ol; 33.6 mmol) was 
added dropwise to a solution of t-BuOK (3.43 g, 30.6 mmol) in anhydrous THF (100 mL) at 
0° C under dry N2. CS2 (2.0 mL, 33.6 mmol) was added dropwise via syringe. The solution 
was stirred for 4 h at 0 °C under dry N2, then diluted with diethyl ether (500 mL) causing 
formation of a precipitate. The white precipitate was collected by suction filtration, washed 
twice with diethyl ether and dried under vacuum (88%–94% yield). Potassium decyl-
xanthate: 1H NMR (400 MHz, DMSO-d6): δ 4.15 (t, 2H, α-CH2, JHH = 6 Hz), 1.56 (m, 2H, β-
CH2), 1.25 (br, 14H, -CH2-), 0.85 (t, 3H, -CH3, JHH = 6 Hz). Potassium 9-decenyl-xanthate: 
1H NMR (400 MHz, DMSO-d6): δ 5.80 (m, 1H, -CH=), 4.92 (m, 2H, =CH2), 4.60 (m, 2H, α-
CH2, JHH = 6 Hz), 2.03 (m, 2H, allylic-CH2), 1.55 (m, 2H, β-CH2), 1.32 (br, 10H, -CH2-). 
Potassium 10-azidodecyl-xanthate: 1H NMR (400 MHz, CDCl3): δ 3.60 (t, 2H, -CH2-O), 
3.23 (t, 2H, -CH2-N3), 1.55 (m, 2H, α-CH2), 1.27 (m, 14H, -CH2-). Cadmium C10 xanthates. 
A 0.1 M solution of cadmium chloride (2.70 g, 15.0 mmol in 150 mL H2O) was added 
dropwise to a 0.05 M methanolic solution of potassium xanthate (8.03 g for decyl-xanthate or 
7.96 g for 9-decenyl-xanthate or 9.23 g for 10-azidodecyl-xanthate; 29.46 mmol; 590 mL) 
while stirring vigorously, causing the formation of a precipitate. After stirring for 30 min 
under air, the mixture was centrifuged and the solid washed twice with a water/methanol 
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mixture (1:3 v/v) and once more with methanol. The resulting cadmium xanthate was dried 
under vacuum (76%–89% yield). Cadmium decyl-xanthate: 1H NMR (400 MHz, CDCl3): δ 
4.46 (t, 2H, α-CH2, JHH= 8 Hz), 1.83 (t, 2H, β-CH2, JHH = 8 Hz), 1.27 (br, 14H, -CH2-), 0.88 
(t, 3H, -CH3, JHH = 8 Hz). Anal. Calcd. for C22H42CdO2S4: C, 45.62; S, 22.14; Cd, 19.41; H, 
7.31. Found: C, 43.50; S, 21.90; Cd, 17.50; H, 7.14. Cadmium 9-decenyl-xanthate: 1H NMR 
(400 MHz, CDCl3): δ 5.80 (m, 1H, -CH=), 4.92 (m, 2H, =CH2), 4.45 (t, 2H, α-CH2, JHH = 8 
Hz), 2.03 (m, 2H, allylic-CH2), 1.82 (m, 2H, β-CH2), 1.30 (m, 10H, -CH2-). Anal. Calcd. for 
C22H38CdO2S4: C, 45.94; S, 22.30; Cd, 19.54; H, 6.66. Found: C, 44.74; S, 22.20; Cd, 20.50; 
H, 6.64. Cadmium 10-azidodecyl-xanthate: 1H NMR (400 MHz, CDCl3): δ 4.46 (t, 2H, -
CH2-O), 3.26 (t, 2H, -CH2-N3), 1.83 (m, 2H, β-CH2-O), 1.54 (m, 2H, β-CH2-N3), 1.30 (m, 
12H, -CH2-). 
Synthesis of surface doped cadmium sulfide quantum dots. A mixture of cadmium C10 
xanthate (170 mg, 0.290 mmol), Ph2O (1.80 g), and carboxylic acid ligand (1.02 g, 5.92 
mmol for decanoic acid; 1.03 g, 5.91 mmol for 9-decenoic acid; 0.63 g, 2.96 mmol for 10-
azidodecanoic acid) were weighed onto a three-neck, 250 mL round bottom flask and 
sonicated for 30 min. The flask was then fitted with a Teflon-coated stir bar, a condenser, and 
attached to a Schlenk line. The mixture was degassed for 20 min at room temperature (R.T.), 
refilled with dry Ar, placed into a pre-equilibrated oil bath at 130 °C and kept at this 
temperature while stirring for 15 minutes. The oil bath was removed and the mixture allowed 
to cool down to R.T. After dilution with chloroform (5 mL), nanocrystals were isolated by 
adding a minimum amount of chilled methanol followed by centrifugation (5000 rpm for 10 
min). After re-dissolution in toluene or hexane, precipitation was repeated to remove excess 
Ph2O and ligand. Nanocrystals were dried under dynamic vacuum for 2 h. This method was 
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used to prepare mixed ligand nanocrystals while keeping a 1:10 Cd-to-ligands molar ratio. 
Excess ligand recycling. Concentration of the first supernatant under vacuum allowed us to 
recover 70-90% of the excess carboxylic acid ligand along with Ph2O. This ligand/solvent 
mixture could be re-used up to three times for the synthesis of new nanocrystals. 
Surface modification of surface doped CdS quantum dots. Ru catalyzed click. 3-
Fluorophenyl acetylene was added to a 2 mL THF solution of 10-azido-decanoic acid capped 
CdS quantum dots in a 1:1 ratio (monitored by 1H NMR). The solution was degassed and 
taken into the glovebox, where a 0.008 M stock solution of Cp*RuCl(COD) was added to the 
mixture while stirring. The reaction was further stirred at 50 °C in the absence of light for 24 
h. After dilution with chloroform (2 mL), nanocrystals were isolated by adding a minimum 
amount of chilled methanol followed by centrifugation (5000 rpm for 10 min). Ru catalyzed 
metathesis. 1,4-Trimethylfluoro-styrene (40.0 mg, 230 µmol), Grubb’s 2nd generation 
catalyst (4.0 mg, 4.71 µmol) and CD2Cl2 (0.5 mL) were weighed onto a Schlenk tube 
containing ca. 10-20 mg of dry 9-decenyl capped CdS quantum dots. The mixture was 
freeze-pump-thawed three times, and allowed to stir at R.T. for 5 h. Nanocrystals were 
isolated by adding a minimum amount of a chilled methanol and acetone mixture followed 
by centrifugation (5000 rpm for 10 min). 
Structural Characterization. X-Ray Diffraction. Powder X-ray diffraction (XRD) was 
measured using Cu Kα radiation on a Scintag XDS-2000 diffractometer. Transmission 
Electron Microscopy. TEM was conducted on carbon-coated copper grids using an FEI 
Tecnai G2 F20 field emission scanning transmission electron microscope (STEM) at 200 kV 
(point-to-point resolution <0.25 nm, line-to-line resolution <0.10 nm). Elemental 
composition was characterized by energy-dispersive spectroscopy (EDS). Particle Analysis. 
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Dimensions were measured manually or with ImageJ for >50-100 particles. Averages are 
reported ± standard deviations. 
Optical Characterization. Absorption spectra were measured with a photodiode-array 
Agilent 8453 UV-Vis spectrophotometer. Solvent absorption was recorded and subtracted 
from all spectra. Steady-state photoluminescence (PL) spectra were measured with a Horiba-
Jobin Yvon Nanolog scanning spectrofluorometer equipped with a photomultiplier detector. 
Nanocrystal quantum dots were diluted in chloroform to give an optical density of 0.05-0.2 at 
390 nm. Excitation wavelength was 350 nm, and emission was recorded between 365 and 
685 nm. Vibrational infrared spectra were recorded with a Bruker IFS66V FT-IR 
spectrometer equipped with a DTGS detector with 64 scans at a resolution of 4 cm-1. The 
samples were prepared either as dropcast thin films on KBr plates or diluted with KBr and 
pressed onto a pellet. Background spectra were collected under identical conditions. Samples 
were continuously purged with dry N2 to minimize water vapor absorbance. 
NMR Characterization. 1H NMR. 1H NMR spectra were carried out in a Varian 400MR 
spectrometer operating at a 1H frequency of 399.80 MHz. Spectra were recorded using 
standard pulse sequences from VNMRJ 3.1 pulse program library. 1H NMR spectra (64 
scans) were recorded with a relaxation delay (d1) between scans of 2 s for free ligands and 10 
s for surface-bound ligands to allow full relaxation of all 1H nuclei. Single-pulse 1H spin-
lattice relaxation measurements (10 scans) were recorded with a pulse width of 156 µs and a 
recycle delay of 10 s. DOSY. Diffusion Ordered Spectroscopy (DOSY) experiments were 
collected using a Bruker DRX 400 spectrometer operating at a 1H frequency of 400.39 MHz 
equipped with normal geometry probe. Spectra were recorded using standard pulse sequences 
from TopSpin 1.3 pulse program library. The duration of the magnetic field pulse gradients 
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(δ) was optimized for each diffusion time (Δ) to obtain a signal decay of roughly 90% at the 
maximum gradient strength. A series of 16 spectra with 32,768 data points in each spectrum 
were collected. In each pulsed-field gradient NMR experiment, the value of δ was set to 3.6 
ms, and the value of Δ (diffusion time) was set to 600 ms. The gradient strength was varied 
from 2 to 95% (space) of the maximum strength using a sine gradient shape. ROESY. 
Rotating-frame Overhauser Effect Spectroscopy (ROESY) experiments were recorded using 
an Avance III 600 spectrometer operating a 1H frequency of 600.39 MHz equipped with 5 
mm BBFO Smart Probe. Spectra were recorded using standard pulse sequences from 
TopSpin 3.0 pulse program library. ROESY spectra were collected using a spin lock time of 
200 ms and 256 t1 increments, with each t1 slice consisting of 36 scans of 2048 sampled data 
points, each recorded with a 2 s relaxation delay. 
Results and Discussion 
In view of the problems and limitations commonly associated with quantum dot 
surface modification by thiol ligand exchange and similar methods, we investigated the 
synthesis of nanocrystals capped with chemically-active native ligands. Our first question 
was whether such “surface doped” nanocrystals could actually be made, NOT by ligand 
exchange as it has been done routinely and repeatedly in the past, but by direct nanocrystal 
synthesis in the presence of two (or more) different capping ligands. For example, one ligand 
may contain a chemically-active, terminally unsaturated group such as a vinyl (-CH=CH2) or 
azide (-N3); another ligand may be completely saturated (aliphatic), and end with a methyl (-
CH3) (Scheme 2). If such mixed-ligand nanocrystals could be made directly, this would solve 
two important problems: (1) Simply varying the active-to-inactive ligand ratio used during 
nanocrystal synthesis (x-to-y in Scheme 2a) would allow us to control the number of 
  
20 
chemically-active groups, and thus control the amount or degree of functionality (valency) 
that could be introduced per nanocrystal; and (2) surface modification could then be easily 
accomplished by direct reaction of the chemically-active, unsaturated groups without 
resorting to ligand exchange37 (A-to-C transformation in Scheme 2b). 
 
 
 
Synthesis of surface doped quantum dots. To test the feasibility of this concept, we 
prepared as models ca. 2 nm diameter, zinc-blende (cubic) CdS quantum dots using cadmium 
xanthate single source precursors.35,38-40 In the presence of 10-20 equivalents of 
commercially available, ten-carbon-long (C10) carboxylic acids, the cadmium xanthate 
precursors decompose cleanly at 120-140°C to give C10 carboxylate-capped CdS 
nanocrystals (Figure 1). IR and NMR analyses reveal that the organic group in the xanthate 
precursor does not compete with the 10-20 equivalents of extra added carboxylate ligand for 
binding to the nanocrystal surface (Figures 2 and 3). The asymmetric carboxylate stretching 
frequency, νas(COO-) shifts from 1700 cm-1 in the free ligands to 1540 cm-1 in the surface-
bound ligands; while the symmetric carboxylate stretching frequency, νs(COO-) remains 
unchanged at ca. 1410 cm-1 in both free and surface-bound ligands (Figure 2). In other words, 
the difference between asymmetric and symmetric carboxylate stretching frequencies, 
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νas(COO-) – νs(COO-), decreases from 290 cm-1 in the free ligands to only 130 cm-1 in the 
surface-bound ligands. This is consistent with bidentate (chelate) coordination of carboxylate 
groups to surface cadmium ions on all nanocrystals.41 This is true even for azide-capped 
nanocrystals, where the IR spectrum clearly indicates that there is no azide (-N3) binding to 
the nanocrystal surface. In both free and surface-bound ligands, the asymmetric and 
symmetric azide stretching frequencies, νas(N3) and νs(N3), remain unchanged at 2090 cm-1 
and 1250 cm-1, respectively (Figure 2c).42 
 
Figure 1. Representative TEM images, particle size histograms, optical spectra (UV-Vis/PL) 
and XRD pattern of CdS quantum dots capped with vinyl, methyl, and azide-terminated C10 
carboxylate ligands. 
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Figure 2. Infrared spectra of free (blue) and CdS surface-bound (red) decanoic acid (a), 9-
decenoic acid (b), and 10-azide-decanoic acid (c). Oleic acid (blue) and bis(oleate)cadmium 
(red) are shown for comparison (d). Labels show key asymmetric (νas) and symmetric (νs) 
stretching frequencies. The broad peak at 3360 cm-1 arises from trace leftover moisture in 
some of the samples. 
 
The formation of surface doped CdS nanocrystals proceeds equally well in either 1-
octadecene (ODE) or phenyl ether (Ph2O) as solvent. However, the olefinic resonances in 
ODE make it difficult to distinguish whether double bond resonances observed by NMR 
arise either from capping ligands or from residual ODE solvent. In contrast, unlike ODE, 
Ph2O lacks isolated double bonds, facilitating unambiguous assignment of olefinic (double 
bond) NMR resonances.43 To illustrate why this is important, we questioned whether ligands 
containing chemically-active groups such as vinyl or azide could survive the high 
temperatures needed for nanocrystal synthesis. We were particularly concerned that terminal 
double bonds in vinyl-terminated ligands could isomerize to thermodynamically more stable 
internal double bonds at high temperature during nanocrystal synthesis.43 It was difficult to 
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answer this question when we used 1-octadecene (ODE) as solvent because, even after two 
washes by crashing and centrifugation, CdS nanocrystals showed internal double bonds from 
trace amounts of ODE as judged by their characteristic 1H NMR multiplet (m) resonance at δ 
5.5 ppm. In contrast, when we used Ph2O as solvent, CdS nanocrystals did not contain 
internal double bonds regardless of the number of washes, allowing us to conclude that vinyl 
group isomerization does not occur during nanocrystal synthesis. Only terminal double bonds 
from vinyl-terminated ligands were observed on CdS nanocrystals made in Ph2O by 1H NMR 
at δ 5.9 ppm (m) and 5.0 ppm (m) (Figure 3). 
 
  
Figure 3. 1H NMR spectra of CdS nanocrystal quantum dots capped with mixtures of methyl 
(-CH3), vinyl (-CH=CH2) and azide (-N3) terminated C10 carboxylate ligands. Relative 
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surface ligand populations are proportional to the relative ligand concentrations used during 
nanocrystal synthesis. 
 
Using this direct synthesis method and without resorting to ligand exchange, we 
prepared as test models surface doped CdS quantum dots capped with methyl- (saturated), 
vinyl- (unsaturated) and azide-terminated C10 ligands, as well as with mixtures of these 
(Figures 1, 2 and 3). The resulting colloidal CdS nanocrystals are highly soluble in 
chloroform, toluene and hexane. After careful purification by cold acetone- or methanol-
induced precipitation (“crashing”) and centrifugation to remove excess ligands, we observe 
NMR resonances predominantly from surface-bound ligands and not from free ligands,44 
along with a few weak NMR resonances from trace amount of synthesis solvent (Ph2O, 
Figure 3). As predicted, the relative population of the different surface ligands is proportional 
to the relative ligand concentrations used during nanocrystal synthesis (Figure 3). Several 
unique and key features allow us to distinguish surface-bound ligands from free ligands by 
NMR: (1) First, resonances from surface-bound ligands are characteristically broadened 
(Figure 3); (2) second, resonances from surface-bound ligands show faster 1H NMR T1 
relaxation times compared to those from free ligands (Figure 4); and (3) third, Diffusion 
Ordered Spectroscopy (DOSY) (below) shows resonances from surface-bound ligands have 
very slow diffusion rates that are about one order of magnitude slower (one-tenth) compared 
to resonances from free ligands and trace solvent, unambiguously demonstrating that after 
two washes and centrifugation we completely or nearly completely (>99%) removed free or 
excess ligands. We believe effects (1) and (2) are a manifestation of the same phenomenon, 
namely the close proximity of surface-bound ligand protons to unpaired electrons localized 
on surface trap states. The NMR peak width (ν1/2) is inversely proportional to the spin-lattice 
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or “longitudinal” T1 relaxation time according to Heisenberg’s uncertainty principle: ν1/2 = 1 / 
(π · T1) . Semiconductor nanocrystals are strong light absorbers (ε ≈ 106 L·mol-1·cm-1),21-22 
become red-ox-active upon illumination even under ambient light, and remain red-ox-active 
after dark-storage for several hours.45 Photo-generated charge carriers are known to localize 
on surface defects or “dangling bonds” (unpassivated ions) on the nanocrystal surface. Thus, 
1H NMR peak broadening does not arise from fast equilibration between surface-bound and 
free ligands.46-50 Instead, surface-trapped electrons behave as paramagnetic impurities on the 
CdS nanocrystal inorganic-organic ligand interface, leading to the observed fast 1H NMR T1 
relaxation times and consequent broadening of surface-bound ligand resonances (Figure 5). 
Interestingly, the extent of peak broadening (ν1/2) and T1 relaxation time shortening correlates 
with the nanocrystal’s optical properties. Specifically, the ratio between band-edge 
photoluminescence (PL) and “surface” trap PL intensity increases as the density of 
paramagnetic impurities decreases (Figures 1e and 4). This suggests that detailed 1H NMR 
measurements may be a useful way to measure the amount of paramagnetic impurities, and 
thus the density of surface defects in colloidal semiconductor nanocrystals (quantum dots, 
rods, wires).49,51-53 
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Figure 4. 1H NMR peak widths (ν1/2) and T1 relaxation times of CdS nanocrystal quantum 
dots capped with methyl (-CH3), vinyl (-CH=CH2) and azide (-N3) terminated C10 
carboxylate ligands. 
 
 
Figure 5. Assessing paramagnetic impurities by 1H NMR (a) and surface ligand orientation 
(collapsed, b vs. normal to the surface, c) in surface doped CdS nanocrystal quantum dots. 
 
Attempt to quantify paramagnetic impurities on the nanocrystal surface. We sought to 
collect further evidence for the presence of paramagnetic impurities on the nanocrystal 
surface by measuring the paramagnetic-susceptibility of our samples using the Evans 
method.54-56 A solution phase NMR technique, the Evans method consists of measuring the 
change in chemical shift (Δν = ν’ - ν0) in the residual protiated solvent peak (ν0) when 
exposed to a paramagnetic sample (ν0). When compared to the pure solvent, usually 
contained in a sealed capillary within the same NMR tube, paramagnetism causes the solvent 
peak to move downfield (higher δ, ν0 > 0), whereas diamagnetism causes it to move upfield 
(lower δ, ν0 < 0) (Figure 5a). For small paramagnetic molecules, the solvent’s and the 
sample’s (χdia) diamagnetic susceptibilities are small or negligible, the paramagnetic 
susceptibility (χp) dominates, and the paramagnetic susceptibility can be easily calculated. 
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However, for large paramagnetic species such as supramolecular assemblies, biomolecules or 
nanoparticles, paramagnetism is often only a small contributor to the observed change in 
chemical shift (ν0). Indeed, we find that the diamagnetic susceptibility is the dominant 
contribution to the overall downfield shift (lower δ) observed for CdS quantum dots (Figure 
5a). Reliable determination of the magnetic susceptibility of such large species requires 
independent determination of the much larger diamagnetic contribution, typically by using an 
appropriate diamagnetic model of comparable mass and density where the paramagnetic 
center has been removed, for example in metal-free supramolecular assemblies or 
apoproteins.55 Unfortunately, we do not presently have such a model for CdS quantum dots. 
We are currently exploring EPR to characterize and quantify trapped unpaired electrons and 
other paramagnetic impurities on the nanocrystal surface. 
Assessing ligand orientation and surface organization. We observed that the extent of 
1H NMR peak broadening varies significantly along the length of the capping ligands. 
Specifically, peak broadening (ν1/2) decreases and relaxation times (T1) increase when going 
from the surface-bound carboxylate (COOH) head groups toward the tail end groups (Figure 
3).57 In all cases we measured, peak broadening is highest for the methylene protons (C(2)H2) 
on the second carbon that is adjacent to the surface-binding carboxylic head group. Peak 
broadening then progressively decreases down the chain and is the lowest for the tenth 
carbon protons, namely the vinyl (C(10)H2), methyl (C(10)H3), and azide-adjacent-
methylene protons (C(10)H2) of unsaturated-, saturated-, and azide-terminated ligands, 
respectively. This is inconsistent with a scenario where ligands collapse onto the nanocrystal 
surface, because such arrangement would lead to more regular and less variable peak 
broadening among distinct protons along each ligand chain (Figure 5a).58 In contrast, because 
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peak broadening actually decreases as the separation from the surface-bound head group 
increases, we conclude ligands orient themselves normal (perpendicular) to the nanocrystal 
surface to form a self-assembled monolayer (SAM) (Figure 5b). 
Within this single ligand layer, two (or more) different ligands can assemble together to 
form islands or rafts of identical composition (Figure 6a), or they can mix together and 
distribute homogeneously (at random) on the nanocrystal surface  (Figure 6b). This question 
has been the subject of intense research in plasmonic gold nanocrystals,59-63 but it has not 
been addressed in semiconductor nanocrystals. Distinguishing between these two possible 
scenarios (rafts vs. mixing) is important in controlling quantum dot valency and assembly 
through surface ligand doping. To answer this question, we used Rotating-frame Overhauser 
Effect Spectroscopy (ROESY). A variant of Nuclear Overhauser Effect Spectroscopy 
(NOESY), ROESY is useful for intermediate-to-high molecular weight species (>1-3 kDa), 
for which the NOE can be hard to observe.64-67 ROESY cross peaks have a sign opposite to 
that of the the diagonal (red in Figure 7), allowing easier distinction of through-space vs. 
through-bond correlations (black vs. red, respectively, Figure 7). ROESY spectra of carefully 
washed samples bearing only surface-bound ligands consistently show strong through-space 
hetero-correlations between dissimilar ligands for all mixed ligand samples we studied. For 
example, the ROESY spectrum of a 50%/50% methyl/vinyl-capped CdS quantum dot sample 
clearly shows through-space hetero-ligand coupling between the protons on the methyl end 
group (C(10)H3) of the saturated ligand and the protons on the vinyl end group (C(10)H2, 
C(9)H) as well as on the allylic position (C(8)H2) of the unsaturated ligand (blue arrows in 
Figure 7). Similarly, the ROESY spectrum of a 50%/50% vinyl/azide-capped CdS quantum 
dot sample also shows through-space hetero-ligand coupling between the protons on the last 
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methylene (C(10)H2) of the azide ligand and the protons on the vinyl end group (C(10)H2, 
C(9)H) as well as on the allylic position (C(8)H2) of the unsaturated ligand (blue arrows in 
Figure 7). Selective gradient-enhanced unidimensional (1D) ROESY experiments, where one 
particular proton resonance is pulsed while the others are allowed to relax, fully confirm 
these results (see Supporting Information). In all cases we studied, the experimentally 
observed through-space (NOE) hetero-ligand correlations are either stronger or at least as 
strong as the homo-ligand correlations, which can arise from within individual ligands 
(Figure 7). Therefore, we conclude that CdS nanocrystal quantum dots capped by a mixture 
of two different C10 carboxylates have a significant amount of random, homogeneous ligand 
distribution on their surface. 
 
 
Figure 6. Possible inhomogeneous (raft assembly, a) vs. homogeneous (random, b) surface 
ligand distributions in mixed ligand CdS nanocrystal quantum dots. 
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Figure 7. Representative DOSY and ROESY spectra of mixed ligand CdS nanocrystal 
quantum dots. 
 
Proof of principle: Does this type of surface doping strategy work? To test the 
feasibility of this surface doping approach in controlling the degree of functionalization 
(valency) per nanocrystal, we subjected vinyl- and azide-capped quantum dots to cross-
metathesis68-69 and “click” (Huisgen's [3+2]-cycloaddition)70-72 conditions. To facilitate our 
initial screening, we used small fluorinated molecules as model substrates, and followed the 
surface modification reactions by UV-Vis, PL, NMR, XRD, TEM and energy-dispersive X-
ray spectroscopy (EDX). The presence of fluorine in the model substrates enables the use of 
19F NMR, and enhances the value of EDX elemental mapping in assessing the outcome of 
these reactions. In the presence of Grubb’s 2nd generation catalyst, vinyl-capped CdS 
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quantum dots react with para-trimethylfluoro-styrene to produce p-CF3-styrene-capped 
quantum dots (Scheme 3). A 20-fold excess of styrene, relative to the number of vinyl 
equivalents in solution (ca. 50-150 per dot), helps prevent undesirable side reactions, such as 
previously reported dendronization and cross-linking.73-74 UV-Vis, PL, XRD and TEM 
showed that metathesis proceeds without affecting the particle size or optical properties. 
After removal of free soluble unreacted styrene and the self-metathesis byproduct by 
crashing and centrifugation, both 100% vinyl-capped and 50%/50% vinyl/methyl-capped 
CdS dots show ca. 50-60% conversion, as evidenced by the internal-to-terminal olefin ratio 
observed by 1H NMR (Scheme 3). Critically, EDX confirms that the final loading of 
fluorinated groups per quantum dot is proportional to the original population of surface-
active native vinyl ligands in the original nanocrystals (Scheme 3). To the best of our 
knowledge, this is one of only a couple of examples of valency control on semiconductor 
nanocrystal quantum dots,75-77 and the only one that does not use ligand exchange. 
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Similarly, in the presence of different copper catalysts, azide-capped CdS quantum dots 
react with meta-fluoro-phenyl-acetylene to produce m-F-phenyl-azole-capped quantum dots 
(Scheme 4). 1H NMR and 19F NMR show complete conversion of chemically-active surface 
azide groups to azole groups. As in the metathesis case above, the degree of quantum dot 
surface fluorination is proportional to the population of azide surface ligands in the original 
nanocrystals. However, in contrast to the metathesis reaction, we found that copper click 
catalysts behave in a “non-innocent” way, adsorbing onto the CdS surface and red-shifting 
the dots’ UV-Vis absorption and PL spectra (Scheme 4). This is not surprising based on 
several fully documented examples of metal ion diffusion into colloidal nanocrystals.78-79 Our 
initial attempts to suppress this problem by using copper wire80 as a slowly releasing 
heterogeneous click catalyst temporarily slowed the observed red shift, but did not 
completely stop it (Scheme 4). Nevertheless, we found that we can completely avoid this 
problem by using a much more robust, ligated ruthenium click catalyst, Cp*Ru(COD)Cl, 
which was recently reported in the literature (Scheme 4).81 
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Conclusions 
In summary, we have explored a fundamentally new surface ligand modification or 
“doping” strategy aimed at controlling the degree of loading or “valency” in semiconductor 
nanocrystal quantum dots. Unlike currently used surface modification methods, which rely 
heavily on thiol ligand exchange, our approach preserves the nanocrystal’s native ligands, 
avoiding etching and retaining optical properties. We have shown that surface doped 
quantum dots capped with chemically-active native ligands can be prepared directly from a 
mixture of ligands with similar chain lengths. Vinyl and azide-terminated carboxylic acid 
ligands survive the high temperatures needed for nanocrystal synthesis. The ratio between 
chemically active and inactive-terminated ligands is maintained in the nanocrystals, and 
allows to control the extent of surface modification by straightforward organic reactions. 
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Using a combination of optical and structural characterization tools, including IR and 2D 
NMR, we have shown that carboxylates bind to the nanocrystals in a bidentate chelate 
fashion, forming a single monolayer that is perpendicular to the nanocrystal surface. 
Moreover, we have shown that mixtures of ligands with similar chain lengths 
homogeneously distribute themselves on the nanocrystal surface. We are currently working 
toward gaining a deeper understanding of surface paramagnetic impurities by EPR, the 
dispersion in the degree of surface doping across individual quantum dots by AFM-PL, and 
the effect of inorganic surface composition and ligand structure on raft formation by NMR 
and STEM. We believe that the surface doping approach presented here will be widely 
applicable to many nanocrystal compositions (Cu2S, CZTS, CIGS, InP, Cu, Au), shapes 
(dots, rods, wires, tetrapods), and specific applications. In energy and materials science, the 
ability to fine-tune the number and relative configuration of energy and charge transfer 
donors and acceptors will provide unprecedented control over quantum dot exciton decay and 
chemical reaction pathways across the inorganic(crystal)-organic(ligand)-solvent(medium) 
interface. In biology, the extent of surface coverage by a particular functional group will have 
a large impact on a nanocrystal’s affinity and permeability to a variety of biological 
structures, and thus on its ability to localize, penetrate, and be transported across specific 
tissues, and cellular and subcellular structures. 
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CHAPTER 3 
SURFACE LIGAND MICROSTRUCTURE, ORGANIZATION AND REACTIVITY: 
INVESTIGATING THE INORGANIC-ORGANIC-MEDIUM INTERFACE IN 
COLLOIDAL QUANTUM DOTS 
Abstract 
Over the past decades, there have been several studies on shape and morphology of 
quantum dots (QDs) but not many groups focused on the surface ligand packing and 
organization. Therefore, a thorough understanding of the composition and morphology of the 
ligand shell is essential for controlling the properties and behavior of nanocrystals.  Herein, 
using DOSY spectroscopy we demonstrate that a dynamic equilibrium exists between bound 
and free ligands. The ligands are tightly bound to the particle surface when they are dispersed 
in a ligand-free solvent, while they rapidly exchange when an excess of free ligands are 
present in solution. We show that carboxylic acid head group is responsible for this type of 
exchange at the inorganic-organic interface. Removing the head group simply removes the 
rapid cap exchange and results in distinguished diffusion coefficient for the free and bound 
ligands. We also demonstrate that bound and free ligands have strongly different NOE 
spectra wherein only bound ligands develop strong and negative NOEs. We used one-
dimensional and two-dimensional NMR as a powerful tool to determine the ligand shell 
structure of a series of particles capped with mixture of C10-N3, C10-Me, C16-N3 and C16-
Me ligand. ROESY analysis shows that particles have a homogeneous coating, when capped 
with ligand composition of same length, while they show a raft structure composed of phase-
separated domains when ligand shell is constituted of ligands of different length. 
Furthermore, we demonstrate that surface ligand organization can affect the reactivity of 
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quantum dots. Formation of rafts as a result of packing ligands of a same length, increases 
the local concentration of reactive terminal group and facilitate the chemical reactivity at the 
surface of quantum dots. We conclude that solution-state NMR is a very powerful tool to 
characterize colloidal nanocrystal dispersions stabilized by organic ligands. This study can 
provide a new avenue to understand the organic/inorganic boundary of other and more 
complex nanoparticle/ligand systems. 
Introduction 
Semiconductor nanoparticles1 signify a unique class of nanomaterials that display 
great potential in diverse applications such as nanoelectronic devices,2 multifunctional 
catalysts,3 (bio)- chemical sensors,4 biological labeling,5 and data storage.6 However, to use 
these exceptional properties for the fabrication of various devices, not only design and 
synthesis of nanoscale building blocks, but also controlled assemblies of these structural 
units has to be addressed.7 Since the chemical and physical properties of semiconducting 
nanocrystals are the combination of inorganic cores and organic protecting shells, the 
properties of materials can be readily manipulated by surface.8 To date, a great deal of 
research has been focused on monolayer-protected nanoparticles.  
Song and Co-workers9 summarized several leading methods for the preparation of 
nanometersized Janus particles and highlighted the important properties and applications of 
these Janus nanoparticles in electrochemistry, sensing, and catalysis.  
Recently Stellacci and co-workers investigated scanning tunneling microscopy (STM)10, 11 
and infrared spectroscopy,12 of gold nanoparticles coated with a mixture of ligands that were 
known to phase separate into randomly sized and shaped domains when co-assembled on flat 
gold surfaces.13,14 In a very recent Nature Communication15 they show that a combination of 
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one-dimensional and two-dimensional NMR can be used to determine the ligand shell 
structure of a series of particles covered with aliphatic and aromatic ligands of varying 
composition. 
Hens and coworkers introduced solution NMR as a powerful toolbox for surface ligand 
analysis, highlighting 1D 1H, diffusion ordered (DOSY) and nuclear Overhauser effect 
(NOESY) spectroscopy as NMR techniques that enable bound ligands to be distinguished 
from free ligands.16 They also used a combination of 1D and 2D NMR measurements to 
investigate the surface chemistry of CdTe QDs synthesized in the presence of phosphonic 
acids and amines. They find that upon addition of oleic acid, neither amine or phosphonate 
anhydride ligands are released from the QDs. On the other hand, the addition of phosphonic 
acids to CdTe QDs partially capped by oleic acid moieties through a high temperature ligand 
exchange process leads to the ready, one to one release of oleic acid.17  
Weiss and co-workers, categorized the analytical work such as NMR, FT-IR, XPS, and 
ultrafast spectroscopy on the ligand shells of QDs in a review published in Chem Mater. 
2012. 18 
While the cost of instrumentation for a few of these techniques described here may be 
prohibitive for researchers who are considering working with semiconductor QDs, standard 
and well-established analytical methods, such as NMR can be very effective in establishing 
the composition and structure of QD ligand shell. They are therefore a practical starting point 
for in-depth chemical characterization of these exciting nanomaterials. In our previous 
studies we show that C10 ligands tend to randomly distribute themselves onto the 
nanocrystal surface however effect of chain length on the ligand organization and assembly 
has yet to be investigated. This chapter discusses the inorganic-organic-medium interface in 
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colloidal quantum dots and analyses effect of chain length and ligand microstructure on 
distribution and packing of surface ligands employing advanced 2D ROESY NMR 
spectroscopy. It also reveals impact of surface ligand organization on chemical reactivity of 
CdS quantum dots. 
Experimental 
Materials. Decanoic acid (≥98%), 9-decenoic acid (≥90%),  oleic acid (>90%), 
sodium azide, hexadecanoic acid, were purchased from Aldrich. 16-Hydroxyhexadecanoic 
acid (95%) was purchased from ChemSampCo, phenyl ether (Ph2O) (99%), 3-
fluorophenylacetylene (98%) from SynQuest, and chloro(1,5-cyclooctadiene)(pentamethyl-
cyclopentadienyl) ruthenium(II) RuClCp*(COD) (98%) from Strem. Glacial acetic acid, 
hydrogen bromide (48%), methanol, ethanol, chloroform, and tetrahydrofuran (THF), were 
purchased from Fisher and used as received. Chloroform-d (CDCl3), and tetrahydrofuran-d8 
(THF-d8) were purchased from Cambridge Isotopes Labs. 10-Azidodecanoic acid and 16-
azidohexadecanoic acid, Cadmium decyl-xanthate, 10-azidodecanoate capped-CdS, and 9-
decenoate capped CdS were synthesized following reported procedures.19 1H NMR chemical 
shifts (δ) are reported in ppm relative to residual protiated solvent in CDCl3 (7.26 ppm) or 
THF-d8 (1.72, 3.58 ppm).  
General procedure for synthesis of surface doped cadmium sulfide quantum dots with 
mixed ligands on the surafec. A mixture of cadmium C10 xanthate (50 mg, 0.087 mmol), 
Ph2O (500 mg), and carboxylic acid ligand (150 mg for decanoic acid, 148 mg for 9-decenoic 
acid, 185 mg for 10-azidodecanoic acid, 259 mg for 16-azidohexadecanoic acid, 223 mg for 
hexadecanoic acid, 245 mg for oleic acid; 0.870 mmol) were weighed onto a three-neck, 250 
mL round bottom flask and sonicated for 45 min. The flask was then fitted with a Teflon-
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coated stir bar, a condenser, and attached to a Schlenk line. The mixture was degassed for 20 
min at room temperature (R.T.), refilled with dry Ar, placed into a pre-equilibrated oil bath at 
150 °C and kept at this temperature while stirring for 15 minutes. The oil bath was removed 
and the mixture allowed to cool down to R.T. After dilution with chloroform (5 mL), 
nanocrystals were isolated by adding a minimum amount of chilled methanol followed by 
centrifugation (5000 rpm for 10 min). After re-dissolution in toluene or chloroform, 
precipitation was repeated to remove excess Ph2O and ligand. Nanocrystals were dried under 
argon flow for 20 min. This method was used to prepare mixed ligand nanocrystals while 
keeping a 1:10 Cd-to-ligand molar ratio. Excess ligand recycling. Concentration of the first 
supernatant under vacuum allowed us to recover 70-90% of the excess carboxylic acid ligand 
along with Ph2O. This ligand/solvent mixture could be re-used up to three times for the 
synthesis of new nanocrystals. 
Ru catalyzed click reaction on azide-terminated CdS quantum dots. A mixture of 3-
Fluorophenyl acetylene and Cp*RuCl(COD) catalyst (5% mol) was added to a 0.4 mL THF-
d8 solution of 10-azidodecanoic acid or 16-azidohexadecanoic acid capped CdS quantum 
dots inside the glovebox and was monitored by 1H NMR to obtain a 1:3 azide: acetylene 
ratio. The reaction was further stirred at R.T. in the absence of light and was monitored by 1H 
NMR for the disappearance of azide peak over the time.  
NMR Characterization. 1H NMR. 1H NMR spectra were carried out in a Varian 400MR 
spectrometer operating at a 1H frequency of 399.80 MHz. Spectra were recorded using 
standard pulse sequences from VNMRJ 3.1 pulse program library. 1H NMR spectra (64 
scans) were recorded with a relaxation delay (d1) between scans of 2 s for free ligands and 10 
s for surface-bound ligands to allow full relaxation of all 1H nuclei. Single-pulse 1H spin-
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lattice relaxation measurements (10 scans) were recorded with a pulse width of 156 µs and a 
recycle delay of 10 s. DOSY. Diffusion Ordered Spectroscopy (DOSY) experiments were 
collected using a Bruker DRX 400 spectrometer operating at a 1H frequency of 400.39 MHz 
equipped with normal geometry probe. Spectra were recorded using standard pulse sequences 
from TopSpin 1.3 pulse program library. The duration of the magnetic field pulse gradients 
(δ) was optimized for each diffusion time (Δ) to obtain a signal decay of roughly 90% at the 
maximum gradient strength. A series of 16 spectra with 32,768 data points in each spectrum 
were collected. In each pulsed-field gradient NMR experiment, the value of δ was set to 2 
ms, and the value of Δ (diffusion time) was set to 150 ms. The gradient strength was varied 
from 2 to 90% (space) of the maximum strength using a sine gradient shape. ROESY. 
Rotating-frame Overhauser Effect Spectroscopy (ROESY) experiments were recorded using 
an Avance III 600 spectrometer operating a 1H frequency of 600.39 MHz equipped with 5 
mm BBFO Smart Probe. Spectra were recorded using standard pulse sequences from 
TopSpin 3.0 pulse program library. ROESY spectra were collected using a spin lock time of 
200-500 ms and 256 t1 increments, with each t1 slice consisting of 256 scans of 1024 sampled 
data points, each recorded with a 2 s relaxation delay. 
Optical Characterization. Absorption spectra were measured with a photodiode-array 
Agilent 8453 UV-Vis spectrophotometer. Solvent absorption was recorded and subtracted 
from all spectra. Steady-state photoluminescence (PL) spectra were measured with a Horiba-
Jobin Yvon Nanolog scanning spectrofluorometer equipped with a photomultiplier detector. 
Nanocrystal quantum dots were diluted in chloroform or toluene to give an optical density of 
0.05-0.2 at 390 nm. Excitation wavelength was 350 nm, and emission was recorded between 
365 and 685 nm.  
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Results and Discussion 
Figure 1 shows DOSY spectra of vinyl-capped CdS in presence of 10-azidedecanoic acid 
free ligand at room temperature as well as reduced temperature. 10-azidedecanoic acid was 
chosen as a free ligand instead of 9-decenoic acid to avoid resonance overlap of free ligands 
and bound ligands. The DOSY spectrum of this mixture at room temperature didn’t show any 
difference between diffusion rates of free ligands vs. bound ligands.   Hence, the temperature 
was lowered to slow down the exchange process that is happening on the surface of 
nanocrystal QDs and facilitate the diffusion rate detection. Figure 1-b and 1-c, show DOSY 
spectra of the same mixture at 0 °C and -23 °C, respectively. As it is obvious from the 
corresponding spectra, reducing the temperature caused peak streaking and did not help on 
the diffusion rate detection of free and bound ligands. Figure 1d illustrates the DOSY 
spectrum of vinyl capped CdS at -23 °C and shows that peak streaking is not characteristics 
of this system at low temperature.  
   
Figure 1. DOSY spectra of 9-decenoate-capped CdS after addition of free 10-
azidodecanoic acid (a) R.T., (b) 273K, and (c) 250K in CDCl3, (d) DOSY spectrum of 9-
decenoate-capped CdS at 250K is given for comparison     
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Figure 2 shows the DOSY spectra of a series of different examples at room temperature. 
Figure 2a, shows DOSY of azide-capped CdS in presence of excess of 10-azidodecanoic 
acid. Similar to the previous system in Fig. 1, we did not observe any separation for this 
mixture either. However, when we block the carboxylic acid head group in free ligand we 
were able to clearly observe that free ligand is diffusing faster than the bound ligand (Figure 
2b). In Figure 2c and 2d, we completely removed the carboxylic acid functional groups on 
free ligands and looked at the diffusion rates of bound ligands vs. 9-decene and 10-
azidodecane, respectively. DOSY spectra unambiguously indicated slower diffusion rates for 
bound system compare to free ligands. 
  
Figure 2. DOSY spectra of 10-azidodecenoate-capped CdS and free (a) 9-decenoic acid, (b) 
9-methyldecenoate, (c) 9-decene, and (d) 9-decenoate-capped CdS and free 10-azido decene 
in CDCl3 at R.T. 
 
Following the reported procedure in our previous study, we were able to optimize a 
condition for synthesis of CdS using a single cadmium xanthate precursor and a mixture of 
long and short chain ligands.19 Figure 3a shows 1H NMR of CdS capped with 50%-50% 
mixture of C10-methyl and C16-azide terminated ligands. Figure 3b demonstrates the T1 
relaxation values of corresponding mixed C10-C16 bound ligands compared with mixed 
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C10-C16 free ligands. In general, protons of the bound ligands relax much faster than protons 
of free ligands. We also synthesized CdS with different combinations of short and long chain 
ligands employing direct synthesis procedure form our previous paper.19 
  
Figure 3. (a) 1H NMR spectrum, and (b) T1 relaxation times of CdS capped with mixture of 
C16-azide and C10-methyl terminated ligands 
 
In Figure 4 we investigated effect of chain length on surface ligand distribution by 
employing 2D ROESY NMR technique. Figure 4a, 4b demonstrate ROESY spectra of CdS 
capped with mixture of short and long chain ligands.  Unidimension ROESY (Figure S3) as 
well as 2D ROESY studies showed very weak hetero-correlation between two ligands of 
different chain length.  
To further investigate if the weak hetero-correlation is as a result of far distance between 
the end groups of each ligand or if it is caused by homogeneous distribution of surface 
ligands, we designed a control experiment to look at the space correlation of C10-azide 
terminated and C18-oleate ligand bound to the surface of QDs to take the advantage of close 
proximity of CH2-N3 and CH2=CH2 protons. From Figure 4c, ROESY study of the 
corresponding system still shows a vey weak hetero correlation (CH2-N3 and CH2=CH2) but 
a strong homo correlation (CH2=CH2 and CH2=CH2). Therefore, ROESY observations 
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confirmed the hypothesis that ligands with different chain length form island or raft, 
however, our previous study on surface ligand distribution of ligands with the same chain 
length showed a heterogeneous distribution of ligands onto the nanocrystal surface.   
As an additional example to support this hypothesis, we choose another model in which 
CdS capped with the same chain length surface ligands. Figure 4d shows ROESY spectrum 
of CdS capped with mixture of C10-azide and C10-methyl terminated ligands with relatively 
strong hetero-correlation between CH2-N3 and -CH3. This is in consistent with our previous 
studies in which ROESY of CdS capped with different combination of C10 ligands were 
showed to have a strong hetero-correlation.  
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Figure 4. DOSY and ROESY spectra of CdS capped with 50%-50% mixture of (a) C16-
azide and C10-methyl, (b) C10-azide and C16-methyl, (c) C10-azide and C18-Oleate, and (d) 
C10-azide and C10-methyl terminated ligands in CDCl3 at R.T.  
 
We studied the relationship between chemical reactivity of our synthesized CdS capped 
with mixture of C10-C16 ligands vs. CdS capped with mixture of C10-C10 ligands.  Since 
our azide capped CdS is capable of participating in click, we first optimized the Ru-catalyzed 
click condition for free 10-azidodecanoic acid with different acetylene substrates in different 
solvents (Table 1).   
 
Table 1. Optimize condition for Ruthenium catalyzed click reaction on 10-azido decanoic 
acid and different acetylene substrates. 
 
 
Then we performed a click reaction on our azide-terminated capped CdS with F-
phenylacetylene substrate at R.T. in THF-d8 using Cp*Ru(COD)Cl as a catalyst. We 
  
53 
monitored progress of click reaction on three different models by 1H NMR over 3 days as it 
is shown in Figure 5.  
   
Figure 5. 1H NMR spectra of CdS capped with 50%-50% mixture of (a) C16-azide and C10-
methyl, (b) C10-azide and C16-methyl, and (c) C10-azide and C10-methyl terminated 
ligands participated in Ru catalyzed click with F-acetylene substrate in THF-d8 at R.T.  
   
CdS capped with C16-azide and C10-methyl terminated ligands shows very similar kinetic 
to CdS capped with C10-azide and C16-methyl terminated ligands (Figures 5a,b). However, 
the click reaction progress was very slow and only about 10% conversion in the same 
condition and same catalyst loading when we performed click on CdS capped with C10-azide 
and C10-methyl terminated ligands (Figure 5c).   
Figure 6. Ligand distribution effect on surface reactivity toward click reaction 
Figure 6 shows the click reaction percent conversion driven from 1H NMR over time using 
the same solvent, catalyst loading and temperature for three different cases we studied. It 
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seems that local concentration of azide on the surface of nanocrystals comforts accessibility 
of azide functional group and favors kinetic of click reaction onto the surface.   
 
 
Figure 7. Relative Backbone to hetero correlation ROESY resonance intensity of (a) 
C10/C16N3, (b) C16/C10N3, (c) C10N3/oleate, and (d) C10/C10N3 
 
Our data clearly shows that ligand distribution has a great impact on the reactivity of 
the QD’s surface. It also further confirms that raft formation increases the local concentration 
of azide-terminated ligands and facilitates click reaction onto the surface on NC QDs. Figure 
7 shows the relative ROESY peak intensity of backbone to hetero correlation for three 
different systems we studied in this paper. 
Conclusions 
DOSY spectroscopy shows a rapid ligand exchange on the surface on CdS quantum 
dots in the presence of free ligands. Attempts to freeze the ligand exchange at low 
temperature and distinguish free vs. bound ligands diffusion coefficient only resulted in peak 
smearing. However removing the carboxylate head group which is responsible for the surface 
binding lead to two separate peaks in the DOSY spectrum related to the differences in the 
free and bound ligand diffusion coefficients. We performed ROESY to study the effect of 
length differences on the ligand organization and formation of patterns. This data predicts 
that when one type of ligand is significantly longer than all others, the longer ligands 
preferentially align themselves to form the islands. Ligand organization proved to have a 
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significant affect on the quantum dot surface reactivity. Particles with raft ligand packing 
participated in click reaction much faster than particles with homogeneous distribution. 
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CHAPTER 4 
NANOCRYSTAL VALANCY: EFFECT OF SURFACE LOADING ON THE 
AFFINITY OF STEROID CAPPED GIANT QUANTUM DOTS TOWARD LIPID 
BILAYERS 
Abstract 
We incorporated three different steroids onto the surface of fluorophore giant 
quantum dots through DHLA-PEG ligand exchange method. In particular, we show that we 
are able to control the loading of cholestanone per quantum dot nanocrystals. Three samples 
with different percentage loading of cholestanone showed dissimilar affinities towards the 
synthetic lipid bilayer surface. Since there was almost no interaction between the lipid bilayer 
and the QDs without cholestanone, we inferred the interaction is due to the cholestanone 
integrating itself with the lipid bilayer. Particle landing on the lipid membrane is directly 
proportional to steroid loading. We observed that samples with higher steroid loading infuse 
themselves more with the lipid membrane compare to those with no or little steroid. 
Furthermore, we have shown through experiment that we can estimate the number of ligands 
interacting with the surface and how they affect lateral motion. We also investigated ligand 
distribution on the nanocrystals surface using 1D gradient ROESY technique for a simulated 
model system. 
Introduction 
Nanoparticle interactions with cell membranes play a crucial role in biomedical 
applications. Controlling the specific interactions and movements of the nanoparticles within 
biologically relevant systems is of great interest within the fields of biomedicine and 
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nanomedicine. Therefore, much effort has been put into the functionalization of nanoparticle 
surfaces for applications such as biosensing, imaging, and molecular delivery.1 
While there are many routes to change the functionalization of nanoparticles, 
controlling the surface loading of particles has only been done with a select few molecules at 
low surface coverage. Interest in controlling specific ligand count on each particle has risen 
mostly for creating assembly structures with oligonucleotides2 3 4 and DNA5 6, but has also 
been performed with bifunctional polyethylene glycol.7 8 These particles have been limited 
with specific loading from single to tens of ligands, and typically need to be separated into 
their respective ligand count through electrophoresis. 
Herein we show that single particle surface loading has biologically relevant 
consequences by tracking many individual QDs interacting with synthetic lipid membranes. 
Experimental 
Materials. Polyethylene glycol (PEG) (average MW:600), diethylene glycol (DEG) 
(99%), (±)-α-lipoic acid (TA) (≥99%), N,N′-dicyclohexylcarbodiimide (DCC) (99%), 
diisopropyl azodicarboxylate (DIAD), N-Hydroxyphthalimide (97%), hydrazine hydrate 
(64% hydrazine),  5α-Cholestan-3-one,  4-dimethylamino-pyridine (99%), pyridine 
anhydrous, methanesulfonyl chloride (99.7%), 4-methylcyclohexanone (99%), triethylamine 
(Et3N), and Celite® 503, ε-Caprolactone (97%), trimethylaluminum (97%) were purchased 
from Aldrich. Tiphenylphosphine was purchased from Alfa Aesar.  Sodium chloride (NaCl) 
and magnesium sulfate (MgSO4, anhydrous) were purchased from Fisher. Diethyl ether, 
dichloromethane (CH2Cl2), and tetrahydrofuran (THF) were purified by passage through 
activated alumina and “deoxygenating” columns from Vacuum Atmospheres Co. 
(Hawthorne, CA). Hexane, ethanol, methanol, and ethyl acetate were purchased from Fisher 
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and used as received. Chloroform-d (CDCl3) was purchased from Cambridge Isotopes 
Laboratories, Inc. TA-PEG600-OH,9 TA-PEG600 capped giant dots,9 and CdSe/CdS giant 
quantum dots.10 were synthesized following literature procedures. 1H NMR chemical shifts 
(δ) are reported in ppm relative to residual protiated solvent in CDCl3 (7.26 ppm). 13C NMR 
spectra are referenced to residual CDCl3 (77.16 ppm).  
   Synthesis of TA-PEG600/DEG-ONH2 ligands (6)/(14). A solution of diisopropyl 
azodicarboxylate (1.04 g, 4.95 mmol) in THF (5 mL) was added dropwise to a stirred 
solution of N-hydroxyphthalimide (900 mg, 5.52 mmol) mixed with triphenylphosphine (1.45 
g, 5.52 mmol), and one of the TA-PEG600-OH (2.87 g, 3.68 mmol) or TA-DEG-OH (1.21 g, 
4.12 mmol) in THF (50 mL) at 0 °C. The solution was allowed to warm up to room 
temperature (R.T.) and stirred for 12 h under dry N2. The solvent was evaporated and the 
mixture was concentrated under vacuum. The crude was subjected to a reduction step without 
further purifications. 
   A solution of hydrazine hydrate (553 mg, 11.0 mmol) for TA-PEG600-ONH2 or (617 mg, 
12.3 mmol) for TA-DEG-ONH2 in CH2Cl2 (5 mL) was added dropwise to the stirred solution 
of N-alkoxyphthalimide-terminated PEG/DEG crude product in CH2Cl2 (50 mL) at R.T. The 
solution was allowed to stir for 12 h under dry N2. The solvent was evaporated and the 
mixture was concentrated under vacuum. The product was purified by automated column 
chromatography on silica gel with CH2Cl2: MeOH (97:3 (vol/vol)) for TA-PEG600-ONH2 or 
CH2Cl2: EtOAc (50:50 (vol/vol)) for TA-DEG-ONH2 as the eluent. Solvent evaporation yield 
2.60 g (3.27 mmol, 91%) of TA-PEG600-ONH2 or 660 mg (2.13 mmol, 51%) of TA-DEG-
ONH2. The compound was stored refrigerated in an inert environment. TA-DEG-ONH2: 1H 
NMR (400 MHz, CDCl3, 22 ºC) δ 4.24 (t, 2H, J = 4.8 Hz); 3.65-3.74 (m, 4H); 3.60 (t, 2H, J 
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= 4.8 Hz); 3.53-3.58 (m, 1H); 3.07-3.20 (m, 2H); 2.41-2.50 (m, 1H); 2.35 (t, 2H, J = 7.6 Hz); 
1.85-1.93 (m, 1H); 1.60-1.74 (m, 4H); 1.40-1.52 (m, 2H). 13C NMR (100 MHz, CDCl3, 
22ºC) δ 173.57, 74.81, 72.42, 69.59, 63.46, 61.82, 56.41, 40.33, 38.59, 34.70, 34.07, 28.82, 
24.74. TA-PEG600-ONH2: 1H NMR (400 MHz, CDCl3, 22 ºC) δ 5.52 (br s, 2H); 4.21 (t, 2H, 
J = 4.8 Hz); 3.83 (t, 2H, J = 4.8 Hz); 3.58-3.71 (m, 48H); 3.51-3.58 (m, 1H); 3.07-3.20 (m, 
2H); 2.41-2.50 (m, 1H); 2.33 (t, 2H, J = 7.6 Hz); 1.85-1.93 (m, 1H); 1.60-1.74 (m, 4H); 1.36-
1.52 (m, 2H). 13C NMR (100 MHz, CDCl3, 22 ºC) δ 173.57, 74.84, 70.72, 69.70, 69.25, 
63.55, 56.41, 40.30, 38.56, 34.68, 34.02, 28.82, 24.74. 
   Synthesis of TA-PEG600-Cholestanone or TA-PEG600-Castatsterone-terminated 
ligands (7, 8, 10). A solution of 5α-Cholestan-3-one (4 mg, 0.0107 mmol) or Castatsterone 
(5 mg, 0.0107 mmol) or 3-methylcyclohexanone (2 mg, 0.0178 mmol) in anhydrous pyridine 
(1mL) was added to the stirred solution of TA-PEG600-ONH2 (9 mg, 0.0113 mmol) at R.T. 
and the reaction mixture was stirred under dry N2. After 7 days, for steroid or 12h for 
cyclohexanone, solvent was pumped down and the crude product was concentrated under 
vacuum to give 12 mg of cholestanone- or 13 mg of Castatsterone- or 10 mg of 
methylcyclohexane-terminated PEG as yellow oil. TA-PEG600-Cholestanone: 1H NMR (400 
MHz, CDCl3, 22 ºC) δ 4.19 (t, 2H, J = 4.8 Hz); 4.10 (t, 2H, J = 5.0 Hz); 3.64-3.69 (m, 4H); 
3.60-3.61 (m, 42H); 3.50-3.56 (m, 1H); 3.04-3.17 (m, 2H); 2.33-2.46 (m, 1H); 2.31 (t, 2H, J 
= 7.4 Hz); 1.85-1.93 (m, 1H); 1.60-1.74 (m, 4H); 1.36-1.52 (m, 2H). 13C NMR (100 MHz, 
CDCl3, 22ºC) δ 173.57, 74.84, 70.72, 69.70, 69.25, 63.55, 56.41, 40.30, 38.56, 34.68, 34.02, 
28.82, 24.74. TA-PEG600-castasterone: 1H NMR (400 MHz, CDCl3, 22ºC) δ 4.21 (t, 2H, J = 
4.8 Hz); 4.13 (t, 2H, J = 5.0 Hz); 3.52-3.71 (m, 42H); 3.50-3.56 (m, 1H); 3.06-3.22 (m, 2H); 
2.40-2.48 (m, 1H); 2.33 (t, 2H, J = 7.4 Hz); 2.14-2.18 (m, 2H); 1.96-2.05 (m, 1H); 1.85-1.95 
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(m, 6H); 1.50-1.74 (m, 4H); 1.36-1.52 (m, 4H); 1.22 (s, 3H); 0.80-0.95 (m, 4H); 2.40-2.48 
(m, 1H); 0.73 (s, 3H); 0.66 (s, 3H). 13C NMR (100 MHz, CDCl3, 22 ºC) δ 173.57, 160.53, 
74.64, 70.72, 69.70, 69.25, 63.45, 61.66, 56.31, 42.45, 40.20, 38.46, 37.71, 36.80, 34.58, 
33.91, 32.01, 30.72, 29.66, 28.72, 25.78, 25.37, 24.58, 20.73, 13.56, 11.90, 10.11. TA-
PEG600-methylcyclohexanone: 1H NMR (400 MHz, CDCl3, 22ºC) δ 4.20 (t, 2H, J = 4.6 
Hz); 4.13 (t, 2H, J = 4.8 Hz); 3.70-3.65 (m, 2H); 3.45-3.63 (m, 40H); 3.51-3.58 (m, 1H); 
3.07-3.19 (m, 2H); 2.40-2.48 (m, 2H); 2.33 (t, 2H, J = 7.4 Hz); 1.95-2.00 (m, 2H); 1.86-1.91 
(m, 1H), 1.74-1.83 (m, 2H); 1.58-1.70 (m, 4H); 1.41-1.54 (m, 4H); 1.16-1.36 (m, 4H); 1.00-
1.14 (m, 4H), 0.92-1.01 (m 2H); 0.63 (s, 3H). 13C NMR (100 MHz, CDCl3, 22 ºC) δ 173.39, 
160.28, 72.49, 70.55, 69.68, 69.13, 63.44, 61.69, 56.21, 53.90, 46.60, 45.32, 42.51, 40.19, 
39.92, 39.47, 38.45, 37.33, 36.05, 35.75, 34.57, 33.91, 31.78, 28.70, 27.97, 24.58, 24.17, 
23.79, 22.80, 22.54, 21.18, 18.64, 12.04, 11.3133.96, 28.64, 28.46, 28.25, 24.60, 22.29. 
   Synthesis of TA-PEG600-hydroxyamide (11). (25 uL, 0.0188 mmol) trimethylaluminum 
was added to the stirred solution of capralactone (8 mg, 0.0700 mmol) and TA-PEG600-
ONH2 (50 mg, 0.0629 mmol) in 2 mL CH2Cl2 at 0 °C. Reaction mixture was warmed up to 
R.T. and stirred for 1 h. The crude product was washed with 2×10 mL brine and extracted by 
DCM. The organic layer was dried over MgSO4 and concentrated by vacuum to give 35 mg 
(60% yield) of product as yellow oil. TA-PEG600-hydroxyamide: 1H NMR (400 MHz, 
CDCl3, 22 ºC) δ 4.34 (t, 2H, J = 4.6 Hz); 4.13 (t, 2H, J = 4.8 Hz); 3.90-3.91 (m, 1H); 3.70-
3.73 (m, 2H); 3.45-3.63 (m, 42H); 3.50-3.56 (m, 1H); 2.97-3.10 (m, 2H); 2.66-2.69 (m, 2H); 
2.32-2.39 (m, 2H); 2.30 (t, 2H, J = 7.4 Hz); 1.76-1.82 (m, 2H); 1.66-1.75 (m, 4H); 1.52-1.61 
(m, 4H); 1.31-1.42 (m, 2H). 13C NMR (100 MHz, CDCl3, 22 ºC) δ 183.95, 174.54, 160.53, 
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74.49, 72.55, 68.90, 64.15, 59.11, 56.34, 53.22, 40.21, 38.50, 34.52, 34.37, 33.96, 28.64, 
28.46, 28.25, 24.60, 22.29. 
   Synthesis. Synthesis of TA-DEG-OH ligand (12). A solution of lipoic acid (3.00g, 
0.0145 mol) in CH2Cl2 (5 mL) was added dropwise within 20 min to the stirred solution of 
diethylene glycol (DEG) (15.4 g, 0.145 mol) mixed with DMAP (0.53 g, 4.35 mmol) and 
DCC (3.30 g, 0.0159 mol) in CH2Cl2 (50 mL) at 0 °C. The solution was kept at this 
temperature for 2 h, warmed up to R.T., and stirred for 24 h under dry N2. The mixture was 
filtered through Celite® 503, washed with saturated aqueous NaHCO3, and extracted by 
ether (3 × 50 mL). The solution was dried over anhydrous MgSO4, filtered and concentrated 
under vacuum and subjected to column chromatography on silica gel with CH2Cl2: EtOAc 
(100:30 (vol/vol)) as the eluent to yield 2.80 g (9.52 mmol, 51 %) of ligand as a yellow oil. 
1H NMR (400 MHz, CDCl3, 22 ºC) δ 4.24 (t, 2H, J = 4.8 Hz); 3.74 (t, 2H, J = 4.6 Hz); 3.70 
(t, 2H, J = 4.6 Hz); 3.60 (t, 2H, J = 4.8 Hz); 3.53-3.58 (m, 1H); 3.08-3.20 (m, 2H); 2.42-2.50 
(m, 1H); 2.35 (t, 2H, J = 7.6 Hz); 1.86-1.94 (m, 1H); 1.62-1.74 (m, 4H); 1.40-1.55 (m, 2H). 
13C NMR (100 MHz, CDCl3, 22 ºC) δ 173.59, 72.43, 69.26, 63.46, 61.85, 56.46, 40.35, 
38.61, 34.70, 34.07, 28.84, 24.74.  
   Synthesis of mesyl-terminated DEG ligands (13). A solution of methanesulfonyl chloride 
(875 mg, 7.64 mmol) in CH2Cl2 (5 mL) was added dropwise to the stirred solution of TA-
DEG-OH (1.50 g, 5.09 mmol) mixed with triethylamine (1.54 g, 15.27 mmol) in CH2Cl2 (50 
mL). The solution was stirred for 24 h under dry N2 at R.T. The mixture was then diluted 
with water (100 mL) and organic layer was washed with 1M HCl (2 × 50 mL) and 
neutralized with brine (2 × 50 mL). Combined organic layers was then dried over anhydrous 
MgSO4, filtered and concentrated under vacuum to yield 1.50 g (4.03 mmol, 79 %) of ligand 
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as a yellow oil. 1H NMR (400 MHz, CDCl3, 22 ºC) δ 4.37 (t, 2H, J = 4.4 Hz); 4.23 (t, 2H, J = 
4.8 Hz); 3.76 (t, 2H, J = 4.4 Hz); 3.71 (t, 2H, J = 4.8 Hz); 3.60 (t, 2H, J = 4.8 Hz); 3.53-3.60 
(m, 1H); 3.09-3.20 (m, 2H); 3.05 (s, 3H); 2.42-2.50 (m, 1H); 2.35 (t, 2H, J = 7.6 Hz); 1.86-
1.94 (m, 1H); 1.62-1.74 (m, 4H); 1.40-1.55 (m, 2H). 13C NMR (100 MHz, CDCl3, 22 ºC) δ 
173.44, 69.43, 69.06, 63.25, 61.85, 56.46, 40.35, 38.61, 37.80, 34.70, 34.03, 28.84, 24.72. 
Synthesis of 4-methylcyclohexanone-terminated DEG ligands (15). 4-
methylcyclohexanone (275 mg, 2.45 mmol) was added to the stirred solution of TA-DEG-
ONH2 (800 mg, 2.58 mmol) in anhydrous pyridine (1.5 mL) under inert condition. The 
solution was stirred for 24 h under dry N2 at 60 °C. The mixture was then concentrated under 
vacuum to yield 500 mg (4.03 mmol, 48 %) of ligand as a yellow oil. 1H NMR (400 MHz, 
CDCl3, 22 ºC) δ 4.22 (t, 2H, J = 4.8 Hz); 4.15 (t, 2H, J = 4.8 Hz); 3.72 (t, 2H, J = 4.8 Hz); 
3.70 (t, 2H, J = 4.8 Hz); 3.60 (t, 2H, J = 4.8 Hz); 3.54-3.58 (m, 1H); 3.08-3.20 (m, 2H); 2.42-
2.48 (m, 1H); 2.35 (t, 2H, J = 7.6 Hz); 2.04-2.10 (m, 1H);  1.86-1.94 (m, 1H); 1.83-1.87 (m, 
2H); 1.74-1.80 (m, 2H); 1.62-1.74 (m, 4H); 1.59-1.63 (m, 2H); 1.40-1.55 (m, 2H), 1.04-1.18 
(m, 2H); 0.93 (d, 3H, J = 6.6 Hz);. 13C NMR (100 MHz, CDCl3, 22 ºC) δ 173.59, 160.60, 
72.60, 69.79, 69.26, 63.67, 61.85, 56.46, 40.35, 38.61, 35.13, 34.74, 34.09, 33.91, 32.07, 
31.62, 28.87, 24.75, 21.70.  
   Cap exchange of dioctylamine-capped CdsSe/Cds QDs with TA-PEG600 or TA-DEG-
based ligands.  0.5 mL of crude CdS/CdSe was diluted with chloroform and precipitated 
with a minimum amount of methanol. The precipitate was dried under vacuum for 1 hour. 
0.65 mmol of pure ligand or mixed ligands (1%, 10%, and 25% steroid) was dissolved in 0.5 
mL of ethanol for PEG or chloroform for DEG and then added to the precipitate. The vial 
was then sealed and purged with nitrogen for 5 min. The mixture was allowed to stir for 4 h 
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under UV lamp (350 nm). Once homogenized, adding a mixture of hexane and chloroform 
for PEG-derivetized or methanol for DEG-derivetized QDs. The turbid mixture was 
centrifuged for 10 min to precipitate the sample. Washing cycle was repeated another time to 
remove the excess of free ligands.   
   Optical Characterization. Absorption spectra were measured with a photodiode-array 
Agilent 8453 UV-Vis spectrophotometer. Solvent absorption was recorded and subtracted 
from all spectra. Steady-state photoluminescence (PL) spectra were measured with a Horiba-
Jobin Yvon Nanolog scanning spectrofluorometer equipped with a photomultiplier detector. 
Nanocrystal quantum dots were diluted in chloroform to give an optical density of 0.05-0.2 at 
390 nm. Excitation wavelength was 350 nm, and emission was recorded between 365 and 
685 nm. Vibrational infrared spectra were recorded with a Bruker IFS66V FT-IR 
spectrometer equipped with a DTGS detector with 64 scans at a resolution of 4 cm-1. Samples 
were prepared as either drop cast thin films on KBr plates or solid KBr pellets. Background 
spectra were collected and subtracted under identical conditions. During spectral collection, 
samples were continuously purged with dry N2 to minimize water vapor absorbance.  
   Structural Characterization. Transmission Electron Microscopy. TEM was conducted on 
carbon-coated copper grids using an FEI Tecnai G2 F20 field emission scanning transmission 
electron microscope (STEM) at 200 kV (point-to-point resolution <0.25 nm, line-to-line 
resolution <0.10 nm). Elemental composition was characterized by energy-dispersive 
spectroscopy (EDS). Particle Analysis. Dimensions were measured manually or with ImageJ 
for >50-100 particles. Averages are reported ± standard deviations. 
NMR characterization. All NMR spectra were carried out on a Varian 400MR 
spectrometer operating at a 1H frequency of 399.80 MHz and 13C frequency of 100.51 MHz 
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equipped with a oneNMR pulse-field-gradient probe. All spectra were recorded using 
standard pulse sequences from the VNMRJ 3.1 pulse program library. The 1D 1H NMR 
spectra were recorded with a spectral width of 12.00 ppm, 16 scans, and a 2 s relaxation 
delay (d1) between scans. The 13C NMR spectra were recorded with a spectral width of 12.00 
ppm, 16 scans, and a 2 s relaxation delay (d1) between scans. Single-pulse 1H spin−lattice 
relaxation measurements (10 scans) were recorded with a pulse width of 200 µs and a recycle 
delay of 12 s. DOSY. Diffusion ordered spectroscopy (DOSY) experiments were collected 
using a Bruker DRX 400 spectrometer operating at a 1H frequency of 400.39 MHz equipped 
with normal geometry probe. Spectra were recorded using standard pulse sequences from 
TopSpin 1.3 pulse program library. The duration of the magnetic field pulse gradients (δ) 
was optimized for each diffusion time (Δ) to obtain a signal decay of roughly 90% at the 
maximum gradient strength. A series of 16 spectra with 32,768 data points in each spectrum 
were collected. In each pulsed-field gradient NMR experiment, the value of δ was set to 1.2 
ms (gradient duration), and the value of Δ (diffusion time) was set to 200 ms. The gradient 
strength was ramped from 2 to 95% of the maximum strength using a sine gradient shape. 
ROESY. Rotating-frame Overhauser Effect Spectroscopy (ROESY) experiments were 
recorded using an Avance III 600 spectrometer operating a 1H frequency of 600.39 MHz 
equipped with 5 mm BBFO Smart Probe. Spectra were recorded using standard pulse 
sequences from TopSpin 3.0 pulse program library. ROESY spectra were collected using a 
spin lock time of 200 ms and 256 t1 increments, with each t1 slice consisting of 36 scans and 
1024 sampled data points, each recorded at a 2 s relaxation delay.  
Single Quantum Dot Affinity Studies. The instrument used was a homebuilt prism-
based total internal reflection fluorescent microscope (TIRFM) previously described.11 
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Samples were illuminated using a 532-nm CW laser (Gem model, LaserQuantum, San Jose, 
CA) with power set at 50 mW. A 532-nm RazorEdge long pass filter (Semrock, Rochester, 
NY) was placed between the sample and the Andor iXonEM+ 897 EMCCD camera (Belfast, 
Northern Ireland; 512 × 512 imaging array, 16 µm × 16 µm pixel size). All videos were 
recorded at 50 ms exposure in frame transfer mode with gain set to 100.  
Samples were imaged in a quartz micro-chamber. Two strips of double-sided tape 50 
µm thick (3M) were placed on a clean 25 mm × 51 mm quartz microscope slide (SPI, West 
Chester, PA) to use as spacers. A clean Corning (Lowell, MA) 22 mm × 22 mm glass slide 
was then place on top of the tape to complete the chamber. To create the bilayer, lipid 
solution was flowed into the chamber and allowed to incubate at room temperature for 20 
min. The chamber was first rinsed with two chamber volumes of PBS buffer (pH 7.4) 
followed by two chamber volumes of 1 mg/ml BSA solution.  
   Raw QD samples were diluted to an appropriate concentration using high purity 18-MΩ 
MilliQ water before one chamber volume of diluted solution was injected. The ends of the 
chamber were then sealed with a thin strip of one-sided tape to reduce solution evaporation 
and placed under the microscope. The sample was then allowed to sit for 30 minutes to reach 
surface-binding equilibrium. Before data collection the autofluorescence of the lipid bilayer 
was bleached for 5 minutes under 532-nm illumination. 
Synthetic Lipid Bilayer Preparation. Lipid films composed of 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC, Avanti Polar Lipids) were prepared following 
the published procedure12 with the exceptions that no Texas-Red DHPE was used due to the 
fluorescence overlap. 
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Diffusion Calculation. A particle tracking plugin for ImageJ developed by the 
MOSAIC Group was used in the image analysis software ImageJ to produce time traces of 
multiple QDs. The resulting traces were filtered to only traces longer than 100 frames 
recorded at 50 ms exposure time in frame transfer mode. The sub-pixel localization was then 
used to calculate the mean squared displacement (MSD) for each particle. The diffusion 
coefficient was calculated using the linear portion of the MSD and averaged for more than 
100 particles for both the 10% and 25% cholestanone samples. 
Determining Particle Drag. The particles were assumed to have an even distribution 
of cholestanone attached to the QD surface. Since there was almost no interaction between 
the lipid bilayer and the QDs without cholestanone, we inferred the interaction is due to the 
cholestanone integrating itself with the lipid bilayer. The diffusion coefficient of a QD in a 
water environment with a hydrodynamic radius r = 13.45 nm was calculated from equation 1.  
 
   The resulting lateral diffusion of the QDs in water (ηw = 1 cP) Dt = 16.04 µm2/s. Since our 
measured values for both samples are two orders of magnitude lower we expect there to be 
much surface interaction. 
   To estimate the diffusion coefficient of QDs interacting with the surface membrane, we 
calculated the drag force using the Einstein relation (equation 2).  
 
where f is the sum of the drag forces induced on the particle from both water fw and the force 
of the ligands flig. The drag force of water upon the QDs can be calculated from equation 3. 
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   The estimation of the drag force of cholestanone molecules incorporating into the surface 
was calculated by the Saffman-Delbruck model.13 We assumed the molecule to be a cylinder 
with a radius rlip = 0.25 nm and height h = 1.9 nm. The drag force can then be calculated 
from equation 4 below.  
 
where ηm is the viscosity of the membrane (200 cP) and γE is the Euler constant.  
We next need to calculate the amount of cholestanone ligands we can expect to find 
interacting with the membrane surface. The total amount of ligands per nanocrystal is 
estimated to be ~2500. Assuming the cholestanone will integrate into the membrane to its 
full height h = 1.9 nm, an inverted “dome” with diameter d = 9.6 nm will come into contact 
with the membrane surface resulting in a contact area that is 13.2% of the QDs total surface 
area as seen in equation 5. 
 
where Acon is the particle contact area, Atot is the total are of the QD, and rQD is the radius of 
the QD. For the QD-10 sample we find that there are ~33 cholestanone ligands available to 
interact with the membrane surface, while there are ~83 for the QD-25 sample. 
   If N is the number of cholestanone molecules interacting with the surface we can calculate 
the diffusion coefficient for the cholestanone QDs using equation 6.  
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We find that if N = 33 cholestanone molecules, Dt = 0.170 µm2/s, which agrees well with the 
measured Dt = 0.179 ± 0.453 µm2/s for sample QD-10. If N = 83 cholestanone molecules Dt 
= 0.068 µm2/s, which is also in good agreement with the measured Dt = 0.041 ± 0.226 µm2/s 
for QD-25. 
Results and Discussion 
Figure 1 show the chemical structures of three steroid aimed to study in this paper.  
Castasterone (1) Brassinolide (2) 5a-Cholestan-3-one (3)  
Figure 1. Chemical structure of steroids 
 
Scheme 1 shows the synthesis of TA-PEG600-steroid terminated ligands for surface 
modification of CdSe/CdS giant dots. Compound 4 was prepared previously by DCC 
coupling of lipoic acid and polyethylene glycol (Mw=600).14 This approach provides the 
bidentate chelate interactions with the QD surfaces afforded by the dithiolane ring, in 
addition to with hydrophilic nature of the PEG chain to maintain water solubility. Compound 
4 was subjected to the Mitsunobu reaction condition using PhthNOH as a nucleophile and 
DEAD and PPh3 as activators. Subsequent hydrazinolysis of 5 produced desired compound 6 
in 91% yield from 4. Treatment of alkoxyamine 6 with castasterone 1, or 5-a-cholestane-3-
one 3 in dry pyridine for several days at R.T., gave rise to the desired TA-PEG600-steroid-
terminated ligands 7 and 8. Corresponding 1H NMR, 13C NMR, and MS for all the 
intermediates as well as final ligands are reported in the supporting information.  
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Scheme1. Synthesis of steroid terminated ligands 
 
The fourier transform infrared spectra in Figure 2 show the transformation of 
hydroxyl functional group in 4 to alkoxyamine 6 and then to oxime 7or 8.  
 
Figure 2. Infrared spectra of transformation from (a) hydroxy (4) to (b) alkoxyamine (6) to 
(c) oxime (10) terminated ligand 
 
In Scheme 2 we demonstrate photo-mediated phase transfer of luminescent CdSe/CdS 
giant quantum dots from hydrophobic to polar and hydrophilic media as a result of the cap 
exchange. In particular, we used UV-irradiation (λ =350nm) to promote the in situ ligand 
exchange on hydrophobic CdSe QDs with mixture of TA-PEG600-hydroxyl terminated 4 
and TA-PEG600-cholestanone terminated 7 ligands and facilitate QD transfer to polar 
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solvents such as ethanol. By varying the ratio of 4 to 7 during the thiol cap exchange process 
we were able to label the corresponding QDs with as low as 1% and as high as 35% 
cholestanone. Scheme 2b shows that PL quenched after the cap exchange however the QDs 
are still fluorescent.  
 
Scheme 2. (a) Thiol ligand exchange to introduce 1-35% of 5α-Cholestan-3-one onto the 
surface. Mixture of ligands was used to keep the water solubility. (b) Absorption and 
emission (at 510 nm) of CdSe/CdS quantum dots before and after ligand exchange 
 
The cholestanone modified QDs lipid bilayer interactions were studied using a 
homebuilt prism-based total internal reflection fluorescence (TIRF) microscope. Cholesterol 
is a known component of cell membranes15 and its derivative cholestanone is known to 
incorporate itself into synthetic lipid bilayers.16 We found that QDs modified with 
cholestanone bind to the surface with much higher affinity than QDs modified only with 
PEG.  
 We studied three samples of QDs on a synthetic 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) lipid bilayer; QDs functionalized with 100% PEG (QD-PEG), QDs 
functionalized with 10% cholestanone and 90% PEG, (QD-10), and QDs functionalized with 
25% cholestanone and 75% PEG (QD-25). Synthetic POPC membranes were prepared in 
quartz chambers that allowed the injection of dilute QD solutions. Once the samples were 
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prepared and placed under the microscope, they were incubated for 45 minutes to allow the 
QD adsorption and desorption rates to reach equilibrium (Figure 3).  
            
Figure 3. Adsorption and desorption rates to reach equilibrium for three samples with 0% 
steroid in black, 10% steroid in red, and 25% steroid in blue. 
 
With incubation complete the sample was illuminated for an additional 5 minutes with 532-
nm laser illumination under TIRF to reduce the lipid auto-fluorescence before data was 
collected. A 532-nm long pass filter was placed between the sample and the EMCCD which 
recorded QD emission at 50 ms exposure under frame transfer mode.  
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Figure 4. Landing and lateral diffusion of 5-α-cholestane-3-one-modified thick-shelled 
CdSe/14CdS QDs on a lipid bilayer (TIRF)  
 
As shown in Figure 4, the three samples show differing affinities towards the surface. 
Samples QD-10 and QD-25 show a much higher particle density on the lipid surface 
compared to QD-PEG, which shows very little coverage. Since both the PEG and 
cholestanone terminated groups are neutral in charge, the affinity for the particles to 
incorporate themselves on the surface lies in the ability of the cholestanone to infuse itself 
with the lipid membrane. 
 The coverage of the QDs with the cholestanone also affects the adsorption and 
desorption of the particles. Sample QD-10, while in equilibrium, desorbs at a faster rate (8.4 
particles/s·100 µm2) compared to the QD-25 sample (2.8 particles/s·100 µm2). This 
corresponds to the lateral diffusion coefficients calculated for the cholestanone samples. 
Using an ImageJ plugin over 100 single particle trajectories were used to calculate the mean 
square displacements (MSD). Following MSD(t) = 4Dtt we find the lateral diffusion 
coefficient Dt = 0.179 ± 0.453 µm2/s for QD-10 and Dt = 0.041 ± 0.226 µm2/s for QD-25. We 
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suspect the cholestanone acts as anchoring points in the lipids for each of the nanoparticles, 
and the increased ratio allows for more anchors. To investigate the effects the cholestanone 
has on the lateral diffusion of the molecule on the lipid membrane we performed the 
following calculations. 
  In water the lateral diffusion coefficient of the QDs treated as a sphere with a 
hydrodynamic diameter of 26.9 nm is calculated to be 16.04 µm2/s. While interacting with 
the lipid membranes, the QDs experience a greatly reduced lateral diffusion coefficient. As 
the cholestanone incorporates itself into the lipid membrane each molecule will produce a 
drag on the motion of the particle. To calculate the increased drag due to the cholestanone we 
used a method similar to Pierrat et al.12  
 The particle has a loading capacity of ~2500 ligands creating a sphere 26.9 nm in 
diameter. Each cholestanone was treated as a cylinder that incorporated itself into the 
membrane with a radius of 0.5 nm and a height of 1.9 nm. Under these conditions the QD 
can “sink” into the membrane surface 1.9 nm increasing the surface contact area to 15.3% of 
the total particle. Sample QD-10 will therefore have ~38 ligands interacting with the 
membrane surface creating enough drag to slow the lateral diffusion to Dt = 0.170 µm2/s, 
while sample QD-25 have ~96 ligands that will slow it to Dt = 0.068 µm2/s. These numbers 
are in good agreement with the measured values. 
Figure 5 shows T1 relaxation time measured from the 1H NMR spectra of QDs capped 
with 100% hydroxyl terminated TA-PEG600, 100% cholestanone terminated TA-PEG600, 
and 50%-50% mixture of two ligands.  In general bound ligands relax much faster than the 
free ligands base on the collected T1 relaxation data.  We also looked at NMR analysis of 
  
75 
mixtures utilizing Pulsed Gradient Spin Echo (PGSE) NMR, called Diffusion Ordered 
SpectroscopY (DOSY).  
 
Figure 5. 1H NMR T1 relaxation times and representative DOSY spectra of CdSe/CdS 
nanocrystal quantum dots capped with (a) 0% steroid, (b) 50% steroid, and (c) 100% 
cholestanone-terminated ligand 
 
This method relies on the different rates of diffusion of molecules through a solution, due 
to the inherent difference in the physical properties, to separate the components making up 
the mixture. The diffusion rate of these capped systems in the chloroform-d solution at R.T. 
assured absence of any free ligands.  
As another example of steroid capped QDs that can be used for cell imaging, we 
synthesized castasterone terminated QDs applying the UV-induced thiol ligand exchange 
method to transfer the QDs from hydrophobic to hydrophilic media using a mixture of 4 and 
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8. Emission spectrum of the corresponding dots slightly quenched after ligand exchange 
(Scheme 3).  
 
Scheme 3. (a) Thiol ligand exchange to introduce castasterone onto the surface. Mixture of 
ligands was used to keep the water solubility. (b) Absorption and emission (at 510 nm) of 
CdSe/CdS quantum dots before and after ligand exchange 
 
Brassinolide 2 was another steroid of interest in our study. We planned to labeled our QDs 
with Brassinolide for further imaging applications however presence of a lactone ring in the 
structure of this compounds limited the coupling with alkoxyamine ligand.  
To investigate the behavior of 7-membered lactone ring in the condensation reaction with 
alkoxyamine, we performed a control experiment in which we looked at products of 
condensation reaction between caprolactone (as a model substrate) and oxyamine terminated 
TA-PEG600 ligand.  1H NMR and 13C NMR in combination with mass spectroscopy 
techniques confirmed that there are some condensation products however majorities are the 
ring-opening product.  Scheme 4 shows a condensation of TA-PEG600-oxyamine with 3-
methylcyclohexanone vs. ring opening with caprolactone.  
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Scheme 4. TA-PEG600-oxyamine condensation with cyclohexanone vs. ring opening with 
caprolactone 
 
The next goal of this study was to look at the surface ligand distribution of modified QDs. 
Unfortunately we were not able to collect good, high resolution 1H NMR and subsequently 
ROESY of CdSe/CdS giant QDs capped with PEG600 based ligands due small ligand to 
surface ratio. Therefore, we designed a model system consisting of small CdS QDs (5nm) to 
represent CdSe/CdS core/shell giant QDs, short chain cyclohexane terminated TA-DEG (15) 
to represent steroid terminated TA-PEG600 ligands (7 or 8), and short chain mesyl 
terminated TA-DEG capping ligands (13) to represent hydroxy terminated TA-PEG600 (4) 
ligands. Scheme 5 shows the synthesis pathway for preparation of mesyl terminated TA-
DEG (13) and cyclohexane terminated TA-DEG ligands (15). The mesyl group in the model 
system (13) was introduced instead of hydroxyl group in the original system (4) in order to 
move the corresponding alpha proton resonances away from the backbone proton peaks and 
make it easier to track by NMR. 
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Scheme 5. Synthesis of short chain model ligands for surface distribution study 
 
Scheme 6 shows thiol ligand exchange to introduce 50%-50% mixture of short chain 
model ligands onto the surface of small 5 nm CdS.  
 
Scheme 6. (a)Thiol ligand exchange, and (b) absorption and emission (at 350 nm) of 
CdSe/CdS quantum with 50%-50% mixture of ligands on the surface.  
 
As we expected, decreasing the size of the QD helped to increase ligand to surface ratio 
and resulted in a system that is detectable by NMR. Figure 5 shows T1 relaxation time, 1H 
NMR, and DOSY of the CdS capped with the 50%-50% mixture of short chain ligands.  
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Figure 5. (a) 1H NMR T1 relaxation time, (b) 1H NMR of free vs. bound ligands, (c) 
representative R.T. DOSY spectrum of 50%-50% mixture of two model ligands on the 
surface of CdS quantum dot nanocrystals. 
 
Selective gradient-enhanced unidimensional (1D) ROESY experiments of carefully 
washed samples bearing only surface-bound ligands showed through-space 
heterocorrelations between dissimilar ligands for the model sample with 50%-50% mixture 
of mesyl terminated TA-DEG and cyclohexane terminated TA-DEG (Figure 6). For example, 
1D ROESY spectrum clearly shows through-space heteroligand coupling between the 
protons on the methyl end group (C17(H3)) of mesyl terminated ligand and the protons on the 
methyl substitute (C15(H3)) on the cyclohexane terminated ligand.  
  
80 
 
Figure 6. Representative 1D ROESY spectra of 50%-50% mixture of two model ligands on 
the surface of CdS quantum dot nanocrystals.  
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Conclusions 
We have shown that controlling the surface loading of nanocrystals has direct biologically 
relevant consequences for the mobility of the particles with both the absorption and 
desorption rates along with the lateral diffusion across the lipid surface. Furthermore, we 
have shown through experiment that we can estimate the number of ligands interacting with 
the surface and how they affect lateral motion. We expect precise control of surface loading 
to be the next leap forward in designing biologically relevant probes for imaging, drug 
transfer, and biosensing. 
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CHAPTER 5 
MODULAR FUNCTIONAL POLYDENTATE ADMET LIGANDS FOR 
NANOCRYSTAL SURFACE DOPING: TOWARD FORMATION OF 
HETEROSTRUCTURES 
Abstract 
We investigated a different approach to quantum dot surface modification by using a 
multifunctional polydentate capping ligands. In this study we have used ADMET to 
randomly oligomerize two dienes: One containing an azide functionality as an active group 
capable of clicking with an acetylene terminated molecule of interest, and one containing 
carboxylic acid surface coordinating head groups as a binding diene. Varying the azide-to-
acid diene ratio allows control of the relative degree of ligand functionality and nanocrystal 
surface binding ability. Varying the total dienes-to-Ru catalyst ratio allow control of the 
extent of ADMET, which will enable us to achieve an accurate control over polydentate 
ligand size. Our synthesized polymeric ligand is able to wrap around a wide range of 
nanocrystal compositions. 1D NMR and advanced 2D NMR techniques such as DOSY, as 
well as IR and size and zeta-potential measurements via Dynamic Light Scattering (DLS) 
were employed to show type and extent of interaction associated between synthesized 
polymeric ligand and different types of nanocrystals surface. Extensive DLS studies 
demonstrated that the resulting acid/azide-containing polydentate ligands can also be readily 
coated onto the polyethylene glycol capped thick-shelled CdSe/CdS quantum dots and 
associate with those native ligands to form a double ligand layer on the nanocrystal surface 
through the hydrogen bonding. However multiple pendant azide functional groups could be 
subjected to click onto the gold nanoparticles bearing acetylene functionality. TEM images 
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and EDS line scans also further confirmed formation of such CdSe/CdS-Gold 
heteroassemblies in the presence of as synthesized polymer containing pre-selected number 
of azide and acid functional groups.  
Introduction 
Colloidal semiconductor nanocrystal quantum dots (NQDs) are found to be highly 
promising materials for applications from solar energy utilization1 to biological imaging,2 
and catalysis3 due to their unique size and shape dependent properties. Most of synthetic 
routs to make high quality nanocrystals require use of oleic acid or oleylamine and/or 
TOP/TOPO which contain a coordinating head group and a long hydrocarbon chain which 
brings stability as well as solubility in non-polar hydrophobic solvents.4 However, ability to 
engineer the surface of NQDs enables us to improve or modify their shape and optical 
properties. In this approach we try to explore a new synthetic strategies involving olefin 
metathesis to modify the physical and chemical properties of NQDs to our advantage by 
proposing to replace the native nanocrystal (NC) surface ligands with our polymeric ligand 
that has controlled number of coordinating and doping functionality. We propose a facile and 
versatile ADMET-based strategy to make a multidentate multifunctional ligand with desired 
number of carboxylic acid as a coordinating head group and azide as a doping functional 
group. The replacement of the original organic ligands by our synthesized polymeric ligands 
enables us to control degree of functionalization introduce per nanocrystals. We investigated 
a unique class of functional polydentate ligands for quantum dot surface doping built by a 
modular approach, specifically via Acyclic Diene Metathesis (ADMET). ADMET is a 
variant of olefin metathesis whereby dienes are linked together under very mild conditions 
(Scheme 1).5 6 7 8 Unlike Ring Opening Metathesis Polymerization (ROMP) or Living Free 
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Radical Polymerization (LFRP), which have been used to encapsulate semiconductor and 
gold nanocrystals within polymer vesicles,9,10 ADMET has not yet been applied to 
nanocrystal functionalization.  We will use Acyclic Diene Metathesis or ADMET as a special 
type of step-growth olefin metathesis to randomly oligomerize two different types of 
terminal dienes: One functional diene containing an active azide functional group, and one 
binding diene containing carboxylic acid surface coordinating head groups (Scheme 1a). This 
process will yield oligomeric polydentate ligands with multiple functional and binding 
groups. Varying the functional-to-binding diene feed ratio will allow us to control the relative 
degree of ligand functionality and nanocrystal surface binding ability. Varying the total 
dienes-to-Ru-catalyst ratio will allow us to control the extent of ADMET; thus we will be 
able to control overall ligand size and molecular weight.  
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Scheme 1. (a) Ruthenium catalyzed synthesis of functional polydentate ligand via ADMET, 
(b) ligand exchange illustration vs. double layer formation 
 
Experimental 
Materials. Ethyl Formate (97%), diethyl malonate (99%), 4-dimethylamino-pyridine 
(99%), decalin (99%), Grubbs second generation metathesis catalyst, sodium azide (≥99.5%), 
Celite® 503, 10-undecynoic acid, and bromoacetyl bromide (≥98%) were purchased from 
Aldrich. Sodium carbonate (K2CO3, anhydrous, 99%), sodium chloride (NaCl), and 
magnesium sulfate (MgSO4, anhydrous) were purchased from Fisher. Diethyl ether, 
dichloromethane (CH2Cl2), and tetrahydrofuran (THF) were purified by passage through 
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activated alumina and “deoxygenating” columns from Vacuum Atmospheres Co. 
(Hawthorne, CA). Hexane and ethyl acetate were purchased from Fisher and used as 
received. Chloroform-d (CDCl3), and dimethylsulfoxide-d6 (DMSO-d6) were purchased from 
Cambridge Isotopes Laboratories, Inc. 5-Bromo-1-pentene,11 undeca-1,10-dien-6-ol,12  2-
(pent-4-en-1-yl) hept-6-enoic acid,13 DHLA-TEG, DHLA-TEG capped giant dots 14 bare 
gold nanoparticles,15 and CdSe/CdS giant quantum dots,16 were synthesized following 
literature procedures. 1H NMR chemical shifts (δ) are reported in ppm relative to residual 
protiated solvent in CDCl3 (7.26 ppm) or DMSO-d6 (2.50 ppm). 13C NMR spectra are 
referenced to residual CDCl3 (77.16 ppm) or DMSO-d6 (39.52 ppm).  
Synthesis. Diene Monomers. General synthetic procedure. Un-deca-1,10-dien-6-yl 2-
bromoacetate: A solution of undeca-1,10-dien-6-ol (900 mg, 5.36 mmol) in CH2Cl2 (10 mL) 
was added dropwise to a stirred solution of K2CO3 (3.70g, 26.78 mmol) mixed with 
bromoacetyl bromide (1.19 g, 5.89 mmol) in CH2Cl2 (50 mL) at 0°C. The solution was 
allowed to warm up to room temperature (R.T.) and stirred for 12 h under dry N2. The 
mixture was filtered through Celite® 503, washed with 1 M HCl (1 × 50 mL), extracted by 
dichloromethane (3 × 50 mL), and washed with saturated aqueous NaCl (1 × 50 mL). The 
solution was dried over anhydrous MgSO4, filtered and concentrated under vacuum to yield 
1.40 g (4.84 mmol, 90 %) of undeca-1,10-dien-6-yl 2-bromoacetate as pale yellow oils. 1H 
NMR (400 MHz, CDCl3, 22 ºC) δ 5.72-5.82 (m, 2H, CH2=CH-); 4.97-5.02 (dd, 4H, 
CH2=CH-); 4.95 (m, 1H, -O-CH-); 3.81 (s, 2H, -CH2-Br); 2.05 (q, 4H, allylic-CH2); 1.54-
1.62 (br, 4H, -CH2-); 1.35-1.48 (br, 4H, -CH2-). 13C NMR (100 MHz, CDCl3, 22ºC) δ 167.23 
(-O(C=O)-), 138.39 (CH2=CH-), 115.06 (CH2=CH-), 76.54 (-O-CH-), 33.58 (allylic-CH2), 
33.48 (-CH2-), 26.32 (-CH2-Br), 24.55 (-CH2-).   
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ADMET Copolymerization of Diene Monomers. Binding monomer (300 mg of DM-
COOH; 1.53 mmol) and functional monomer (88.0 mg of DM-Br; 0.304 mmol) were 
weighed in an oven-dried vial inside a glove box filled with dry N2. A small Teflon-coated 
magnetic bar was added, and the mixture was stirred for 5 min at R.T. In a separate vial, 
Grubbs second generation catalyst (1.55 mg, 1.83 mmol) (typically, ca. 1500:1 to 100:1 
monomer/catalyst) was weighed and completely dissolved in 0.7 mL of anhydrous THF to 
form an optically clear solution. The catalyst solution was added to the monomer mixture, 
and the combined liquids were transferred to a re-sealable Schlenk tube equipped with a 
small Teflon-coated magnetic stir bar. The sealed flask was stirred at R.T. under dry N2 for 
30 min, brought out to the vacuum line and placed in a silicon oil bath pre-equilibrated at 50 
°C. Dynamic vacuum was slowly applied while stirring. The mixture was continued to stir 
for a given length of time (12 h or 48 h) under dynamic vacuum at 50 °C. To stop the 
reaction and quench the catalyst, the flask was opened to air and the product was diluted with 
THF.  
Azidation. Sodium azide (3eq) was added to the stirred solution of copolymer in THF at 
R.T. The reaction mixture was allowed to stir at R.T. for 3 days. The crude was filtered and 
concentrated under vacuum to give the corresponding azide-copolymer with no need for 
further purification.  
Acetylene terminated gold nanoparticle synthesis. A solution of 10-undecynoic acid (10 
mg, 54.86 µmol) in chloroform was added to 2 mL crude solution of freshly synthesized bare 
gold nanoparticle 26 in water. A few drops of 0.1M sodium hydroxide solution was added to 
make a basic media. The solution mixture was stirred vigorously at room temperature for 10 
min. The gold nanoparticles were transferred to the organic layer quickly. Aqueous layer was 
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decanted and discarded. Organic layer was washed a couple of times with 0.1 M phosphate 
buffer saline solution and then stored at 4 ºC.    
Gold-GQDs heterostructure.  Cap exchange of CdSe/CdS giant quantum dots with 
DHLA-TEG ligands was done following the reported procedure.9 Newly capped GQDs were 
washed with mixture of ethanol and chloroform and crashed with hexanes. This cycle was 
repeated 3 times and precipitate was dried under vacuum for 1 hour. Stock solution of 
azidocopolymer (100 µL, 300 mg in 2 mL ethanol) was added dropwise to the solution of 50 
mg GQDs in 0.5 mL ethanol and the mixture was stirred at R.T. for 10 min. Crude solution 
of freshly prepared acetylene terminated gold nanoparticles in chloroform was then added 
dropwise to the mixture (0.1 mL for the sample with small portion of gold and 1 mL for the 
sample with large portion of gold). Then stock solution of Cp*Ru(COD)Cl catalyst in 
chloroform (10µL, 0.01 M) was added to the physical mixture of acetylene-terminated gold 
nanoparticles, giant dots and azidocopolymer. The solution was stirred in dark overnight 
under N2 at R.T.     
Optical Characterization. Absorption spectra were measured with a photodiode-array 
Agilent 8453 UV-Vis spectrophotometer. Solvent absorption was recorded and subtracted 
from all spectra. Steady-state photoluminescence (PL) spectra were measured with a Horiba-
Jobin Yvon Nanolog scanning spectrofluorometer equipped with a photomultiplier detector. 
Nanocrystal quantum dots were diluted in chloroform to give an optical density of 0.05-0.2 at 
550 nm. Excitation wavelength was 510 nm, and emission was recorded between 525 and 
725 nm. Vibrational infrared spectra were recorded with a Bruker IFS66V FT-IR 
spectrometer equipped with a DTGS detector with 64 scans at a resolution of 4 cm-1. Samples 
were prepared as either drop cast thin films on KBr plates or solid KBr pellets. Background 
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spectra were collected and subtracted under identical conditions. During spectral collection, 
samples were continuously purged with dry N2 to minimize water vapor absorbance.     
Structural Characterization. Transmission Electron Micros-copy. TEM was conducted 
on carbon-coated copper grids using an FEI Tecnai G2 F20 field emission scanning 
transmission electron microscope (STEM) at 200 kV (point-to-point resolution <0.25 nm, 
line-to-line resolution <0.10 nm). Elemental composition was characterized by energy-
dispersive spectroscopy (EDS). Particle Analysis. Dimensions were measured manually or 
with ImageJ for >50-100 particles. Averages are reported ± standard deviations.  
NMR characterization. All NMR spectra were carried out on a Varian 400MR 
spectrometer operating at a 1H frequency of 399.80 MHz and 13C frequency of 100.51 MHz 
equipped with one NMR pulse-field-gradient probe. All spectra were recorded using standard 
pulse sequences from the VNMRJ 3.1 pulse pro-gram library. The 1H NMR spectra were 
recorded with a spectral width of 12.00 ppm, 16 scans, and a 2 s relaxation delay (d1) be-
tween scans. The 13C NMR spectra were recorded with a spectral width of 200 ppm, 64 scans 
or 2000 scans for copolymers. The standard implementation of the gradient-selected 
sensitivity-improved inverse (1H-detected) HSQC experiment was used at 400 MHz and had 
the following parameters: 32-Transient spectral increments were acquired from 9 to 1 ppm in 
F2 (1H) using 1,200 data points, 160 to 10 ppm in F1 (13C) using 512 increments (F1 
acquisition time: 13.6 ms) of 32 NS, with a total acquisition time of 5 h 35 min. 
Results and Discussion 
Synthesis of monomers. Synthesis of monomer 2 (bromoester) was accomplished via a 
condensation reaction between the bromoacetyl bromide and undeca-1,10-dien-6-ol (1) 12 
(Scheme 2a). The reaction mixture was allowed to stir overnight at room temperature and 
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was easily monitored for complete conversion by TLC. Bromoacetyl bromide reacts instantly 
with cold undeca-1, 10-dien-6-ol via a very exothermic reaction in which a steamy acidic gas 
is given off (hydrogen bromide). Therefore, excess of potassium bicarbonate anhydrous was 
added to abstract the hydrogen bromide released during the condensation reaction. Once 
finished, potassium bromide and excess of potassium bicarbonate salts were removed by 
vacuum filtration through a pad of celite @503. Washing of crude product was performed to 
remove excess of bromoacetyl bromide. Monomer 2 was recovered as colorless oil with 90% 
yield and used without further purification. Monomer 3 (acid containing monomer) was 
synthesized according to the literature.13  
Copolymerization of diene monomers via ADMET. We have synthesized a series of 
polydentate ligands from bromide (Br) and carboxylic (COOH) containing dienes. In the 
presence of a Ru metathesis catalyst, these two diene monomers get co-polymerized in 48 h 
(Scheme 2b). The second-generation Grubbs catalyst was chosen for its high stability and 
activity compared to first-generation Grubbs catalysts.4 The two dienes and product remain 
liquid upon gentle warming to 50°C, thus the reaction is run neat and does not require any 
extra added solvent. Dynamic vacuum helps ensure that the reaction proceeds to completion 
by removing the ethylene byproduct (one equivalent of ethylene is produced for each two 
monomers linked).  
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Scheme 2. Synthesis of functional diene monomer precursor (2), (b) functional polydentate 
copolymer ligand synthesis 
 
Extensive 1H NMR, 13C NMR, unambiguously show that using ADMET, we have been 
able to precisely tune the degree of polymerization from as high as 380 all the way down to 
only 8 monomer units per polymer, using Ru catalyst loadings as little as <0.15 mol% 
(Figure 1). We have also derived an equation to calculate degree of polymerization (DOP) 
based on the 1H NMR integration. Mathematically 
(eq. 1)   
  
 
Figure 1. (a) 1H NMR, (b) 13C NMR of different chain length bromoacid copolymer 
D.O.P. = 2 × {(I
int
 / 2) / ([(I
ter
 / 2) + 1] /2)} +1 
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Table 1 shows a systemic study on the DOP when changing different factors such as 
monomer ratios, catalyst loading and time.  
Table1. Systematic study of catalyst loading and monomer ratio effect on degree of 
copolymerization 
 
The relative amount of Br and COOH groups in the final polymer can be controlled by the 
initial monomer feed ratio (Figure 2a).  Even more importantly, the number of monomers per 
polymer chain or degree of polymerization is dramatically sensitive to, and roughly inversely 
proportional to the total monomers-to-Ru catalyst ratio used in the synthesis (Figure 2b). 
Achieving such accurate control over polydentate ligand size would be very difficult or 
impossible with other polymerization methods such as living free radical polymerization 
(LFRP).17,18,19,20,21,22 This is critical for this study because controlling polymer size is a key to 
apply this type of surface doping to a wide range of nanocrystal sizes and shapes. Short 
oligomers are more likely to be small enough to wrap around one nanocrystal at a time (there 
is no indication that having more than one oligomer chain per nanocrystal could be a 
problem). This argument is strongly supported by some recent studies on surface 
modification using non-ADMET polydentate ligands; these studies showed that short 
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polyacrylic acid oligomers with as few as 10-20 monomer units are able to wrap around 
typical 3-5 nm colloidal quantum dots with very robust binding.23 24 25 We speculate that 
larger nanocrystals will require longer polydentate ligands, and that very large polymers 
could bind to more than one nanocrystal at a time leading to undesirable particle aggregation.  
 
Figure 2. (a) DOP vs. reaction time for 1:5 and 1:20 ratio between bromo: acid monomers, 
(b) DOP vs. catalyst loading for 1:5 bromo: acid ratio 
 
We introduced azide functionality by a simple post synthetic modification of the COOH-Br 
copolymer with NaN3 in THF since azide known to be incompatible with Ru metathesis 
catalyst.26 Reaction of the COOH-Br copolymer with excess of NaN3 in tetrahydrofuran 
(THF) cleanly gives COOH-N3 copolymers.  Presence of azide in our copolymer has been 
confirmed by appearance of a strong signal at 2100 cm-1 in Infrared spectrum corresponding 
to azide asymmetric stretching frequency (Figure 3a).  
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Figure 3. Bromide to azide transformation (a) Infrared spectrum of bromo-acid copolymer 
(solid black) and azido-acid copolymer (dotted red), (b) HSQC of bromo-acid copolymer, 
and (c) HSQC of azido-acid copolymer 
 
In addition to IR, 1H NMR and 13CNMR studies, further advanced two-dimentional 
Heteronuclear Single Quantum Coherence spectroscopy (HSQC) demonstrated that the 
chemical shift of the methylene peak in alfa position has changed from (4.11, 27.96) in 
bromine ppm to (4.11, 49.91) ppm in azide (Figure 3b, 3c). The resulting azide-containing 
polydentate ligands can be readily clicked with functional acetylenes. 
Does functional polydentate ligands bind to the quantum dot surface? Some recent studies 
on surface modification using non-ADMET polydentate ligands showed that short oligomers 
with as few as 10-20 monomer units are able to wrap around typical 3-5 nm colloidal 
quantum dots with very robust binding.24 25 27 Our synthesized multi functional oligomers are 
more likely small enough to bind one nanocrystal at a time, and we do not expect that the 
presence of more than one oligomer chain per nanocrystal will cause a problem even in the 
case of large nanocrystals. However we speculated from DLS studies that longer chain 
polymers are able to wrap around more than one nanocrystal at a time and therefore cause 
undesirable particle aggregation. To test the feasibility of this approach we perform a surface 
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passivation of our synthesized polymeric ligand onto a couple of metal oxide nanocrystals 
with different sizes such as CuO2 (60nm) and ZnO (5nm) (Scheme 3).  
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Scheme 3. Multifunctional polymer as a passivating ligand for bare metal oxides 
 
We simply sonicated a mixture of our synthesized polymer and metal oxide powder for less 
than 5 min in THF, where the particles were initially insoluble. We speculate that both CuO2 
and ZnO particles became partially soluble in organic solvents after conjugation with our 
multifunctional ligands. IR analysis also revealed that asymmetric carboxylate stretching 
frequency originated from acid, νas(COO-) shifts from 1710 cm-1 in the free ligands to 1610 
cm-1 for Cu2O and 1590 cm-1 for ZnO in the surface-bound ligands; while the asymmetric 
carboxylate stretching frequency originated from ester carbonyl, νas(CO), and azide, νas(N3) 
remained unchanged at ca. 1730 cm-1 and 2100 cm-1, respectively (Figure 4). 
 
Figure 4. Infrared spectroscopy of (a) free azido-acid copolymer, (b) polymer capped Cu2O, 
and (c) polymer capped ZnO 
  
96 
 
   Proof of concept: Heterostructure assemblies- Tetraethylene glycol (TEG)-terminated 
CdSe/CdS QDs was synthesized by DHLA-TEG ligand exchange method under 350 nm UV 
lamp in ethanol.28 Figure 5 illustrates the TEM images, size distribution diagram, and 
absorption/emission spectrum of CdSe/CdS QDs after DHLA-PEG ligand exchange.  
 
Figure 5. (a) Surface chemical structure, (b) absorption (solid black) and emission (dotted 
red) spectra, (c) TEM image, and (d) size histogram of TEG-terminated CdSe/CdS QDs 
 
Scheme 4 demonstrated that the resulting acid/azide-containing polydentate ligands can 
also be readily coated onto the polyethylene glycol capped thick-shelled CdSe/14CdS 
quantum dots and associate with those surface ligands to form a double ligand layer on the 
nanocrystal surface through the hydrogen bonding.  
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Scheme 4. Multifunctional polymer ligand wrapped around the DHLA-TEG-capped 
CdSe/CdS via hydrogen bonding 
 
DLS investigation has been done by monitoring the hydrodynamic diameter of PEG-
terminated giant dots against addition of multifunctional azido-acid copolymer. Addition of 
every 0.1 mL of polymer solution to PEG-capped GQDs solution in ethanol would increase 
the hydrodynamic diameter of giant QDs by 1 nm that is roughly correspond to the diameter 
of copolymer (Figure 6).  
 
Figure 6. (a) DLS study on increasing hydrodynamic radius of double layer by dropwise 
addition of copolymer, (b) linear trend of CdSe/CdS QDs vs. polymer loading 
 
No aggregation was observed in this case which could be an evidence of having more than 
one nanocrystal being wrapped by polymer. Therefore it is safe to conclude that our 
synthesized polymer will wrap around a single nanocrystal via hydrogen bonding to make a 
GQD-polymer double layer (Scheme 4). The corresponding assembly with multiple 
carboxylic acid functional groups involves in hydrogen bonding with TEG on the surface of 
CdSe/CdS QDs, however, multiple pendant azide functional groups can be clicked onto the 
gold nanoparticles bearing acetylene functionality.  
Scheme 5 shows surface passivation of 6 nm bare gold nanoparticles by 9-decynoic acid in 
basic media (pH>7).  
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Scheme 5. (a) Synthesis, (b) absorption spectra before and after surface modifications, (c) 
TEM image, (d) and size distribution of acetylene-terminated Au-NP 
 
Figure 7. (a) Physical mixture of acetylene terminated Au-NP and polymer wrapped 
CdSe/CdS double layer in the absence of Ru catalyst, (b) heterostructure assembly via click 
after Ru catalyst addition 
The resulting acetylene terminated Au-NPs were clicked onto the azide pendants of our 
double layer system (CdSe/CdS wrapped with copolymer) in the presence of ruthenium 
catalyst. (Figure 7 & 8).  
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Figure 8. Au-CdSe/CdS heretostructure linkage via click reaction with (a) high, and (b) low 
Au concentration 
 
   TEM images and EDS line scans confirmed formation of such assemblies (Figures 9). 
We are more likely to get a radioactive shape heterostructure (Figures 9a) when we use lower 
concentration of Au NPs and flower shape heterostructure (Figures 9d) when we use more 
concentration of Au NPs. Formation of Au-QD heteroassembly was also confirmed by 
disappearance of asymmetric azide stretching infrared frequency (2100 cm-1) after GQD-
polymer double layer was clicked with the acetylene terminated gold (Figure 10).  
 
Figure 9. (a,b) TEM images, and (c-f) EDS line scans of heterstructure with low (a,c,e) and 
high (b,d,f) Au-NP concentration 
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Figure 10. Infrared spectroscopy (a) free azido acid copolymer, (b) Acetylene terminated 
Au-NP, and (c) Au-CdSe/CdS hereto-structure; (d) absorption and emission spectrum of Au-
CdSe/CdS heretostructure 
 
Conclusions 
Using ADMET and applying very mild condition we were able to synthesis 
multifunctional polymer ligands with multiple azide and carboxylic acid groups.  Our 
synthesized multifunctional ligand was able to wrap around a single nanocrystal by 
associating in hydrogen bonding with QD’s surface ligands to form double layers. The 
corresponding double layer system with azide pendant functional group was then click onto 
the gold nanoparticles bearing acetylene functionality in the presence of Ruthenium catalyst 
to form heterostructures of QD-Au.  
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CHAPTER 6 
 GENERAL CONCLUSION 
In summary, we have investigated a new surface ligand modification strategy, so 
called “doping”, to introduce native active surface ligands and remove need of routine ligand 
exchange in semiconductor nanocrystal quantum dots.  This method also designed to control 
the degree of loading or “valency” per nanocrystal quantum dots. We show that quantum 
dots capped with chemically active native ligands can be synthesized directly from a mixture 
of ligands with similar chain lengths. We are able to successfully maintain the ratio between 
active and inactive-terminated ligands on the nanocrystals surface by simply changing the 
corresponding ratio in the initial mixture.  
Moreover, combination of one-dimension and two--dimension solution NMR 
techniques confirm that mixtures of ligands with similar chain lengths homogeneously 
distribute themselves on the nanocrystal surface. However, mixtures of ligands with different 
chain length tend to form rafts. NMR studies also show that island or raft configurations of 
ligands over homogenous distribution increase the local concentration of specific ligands on 
the surface and eventually enhance the surface chemical reactivity in quantum dots.  
To show that controlling the surface loading of nanocrystals has direct biologically 
relevant consequences, we incorporated different percentage of steroid onto the surface of 
fluorophore giant quantum dots via DHLA-PEG ligand exchange. Particles with different 
loading of cholestanone show dissimilar absorption and desorption rates along with the 
lateral diffusion across the lipid surface. Particle landing on the lipid membrane is directly 
proportional to steroid loading due to cholestanone integration with the lipid bilayer. 
Therefore, samples with higher steroid loading infuse themselves more with the lipid 
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membrane compare to those with no or little steroid. Furthermore, we show through 
experiment that we can estimate the number of ligands interacting with the surface and how 
they affect lateral motion. In addition, 1D gradient ROESY technique for a simulated model 
system shows homogeneous distribution of surface ligands. 
We investigated a different approach to quantum dot surface modification using 
ADMET to synthesis multifunctional polymer ligands with multiple azide and carboxylic 
acid groups.  Varying the Ru catalyst to monomer ratio allows us to control the extent of 
ADMET during the polymerization process. The synthesized multifunctional ligand can wrap 
around a single nanocrystal by participating in hydrogen bonding with QD’s surface ligands 
to form double layers. The corresponding double layer system with azide pendant functional 
group was then click onto the gold nanoparticles with acetylene functionality in the presence 
of Ruthenium catalyst to form heterostructures of QD-Au.  
This study can provide a new avenue to understand the organic/inorganic boundary of 
other and more complex nanoparticle/ligand systems. 
 
 
 
